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~)l'dfk, A series of novel carbon nanotibers supported copper-Zirconia 
[Cu/ZrO,/CNFs-0 (CZC)] catalysts were synthesized to investigate hydrogenation of 
C02 to methanol in a three phase reactor at a low{/ pressure of 20 to 50 bar and 
temperature of 180 to 240 "C. The physicochemical characterizations of synthesized 
catalysts were studied by X-ray diffraction (XRD), inductively coupled plasma optical 
emission spectroscopy (lCP-OES). N2 adsorption-<lesorption. N20 chemisorption, high 
resolution transmission electron microscopy (HRTEM), temperature programmed 
reduction (TPR), X-ray photoelectron spectroscopy (XPS) and temperature 
programmed desorption (C02 & NHJ). The effects of temperature, total pressure and 
feed gas ratio on the methanol synthesis rate were also investigated. A highest methanol 
yield of 57 g/kg.cat.h and ~ C02 conversion were recorded at a reaction temperature 
of 220 "C and total pressure of 40 bar with catalyst active~1ponents composition of 
15, 15 and 3 wt.%, ofCu, Zr02 and ZnO, respectively. With the reaction time of two 
"'tc.f...• v« ~~ ~ L. 
hours, this catalytic system can be considered as a.reaeli oe system. ~ ~,_ ~ .(~. H"- ......_~·-
~ ~ ~ t f>t ,.. .{-rv-#v-#-"' (..(_ k-.. ~ ....._.,_ """ t . 
Th~ results showed that the methanol synthesis rate increased trom 8 to 20 
g/kg.cat.h with increasing Cu concentration from 5 to 15 wt.%,l~ was adversely 
affected with further Cu loadings. This could be attributed to the fact that the surface 
area of both the catalyst and Cu Wtncreased significantly as the Cu contents yri(p{' 
increased, and optimum values of 133 and 13.1 m2/g, respectively were recorded for 
CZC catalyst with 15 wt.% Cu. Moreover, catalyst with 15 wt. % Cu exhibited 
sutlicicnt number of catalytic active basic sites which played a key role in converting 
CO, to methanol. The cflect of second active sites concentration was also investigated 
by modifying the 15 wt. % Cu/CNFs catalyst with varying concentration of Zr02 
(5-25 wt 0 1.,). It was observed that BET surface area increased significantly trom 130 to 
152 m21g by increasing the Zr02 concentration trom 5 to 15 wt.'Yo. however it was less 
atfccted by further Zr02loadings. Similarly. TPR investigations revealed a remarkable 
VII 
increase from 18 to 68 % in a fraction of dispersed Cu by increasing Zr02 concentration 
"""~> 
from 5 to 15 wt. %. The reaction studies showed that methanol synthesis ra"further 
enhanced when zirconia was incorporated into Cu/CNFs catalyst and highest magnitude 
of25 g/kg.cat.h was observed for 15 wt.% ZrOzloading. This trend could be attributed 
"'---'-"\((._ 
to the ma~imum number of active basic sites, high BET surface area an~fraction of 
dispersed Cu on the surface of the support. Furthermore, it was noted that BET surface 
area and fraction of dispersed copper were increased from 109 to 155 m2/g and 59 to 
71 %, respectively when the calcination temperature was increased from 350 to 450 °C. 
Similarly, rate of methanol formation was also observed to enhancef from 27 to 34 
glkg.cat.h when calcination temperature was raised from 350 "C to 450 "C. The 
characterization data and activity studies identified 450 "C as the optimum calcination 
temperature. 
Different promoters such as Nb20s and ZnO were doped into Cu/Zr02/CNFs 
catalyst to examine their effect on the catalyst structure and catalytic behavior. The 
results showed that 3 wt.% of ZnO significantly improved the methanol synthesis rate 
from 34 to 45 g/kg.cat.h. The ZnO-doped catalyst further enhanced the Cu dispersion 
and BET area as compared to Nb20s. The rate was found to be the first order with 
respect to C02 conversion. The kinetic data was correlated using artificial neuron 
network model and the accuracy of prediction was within I 0 %. 
The work done has established the potential utilization of carbon nanofibers as 
catalyst support for C02 hydrogenation to methanol. The experimental results obtained 
in this study were in good agreement with the artificial neuron network model. The 
work also concluded that the CNFs based Cu/Zr02/ZnO catalyst can be used to produce 















~ ~~i.~atu siri novelffimangkin karbon nanotiber disokong kuprum-
zirkonia [~~0.2/CNFs(CZC)] telah disintesis untuk mengkaji pcnghidrogcnan C02 
kcpada t~oL dalam reaktor 3 fasa pada tekanan rendah iaitu 20 hingga 50 bar and 
suhu 180 hingga 2~. Pencirian fizikokimia pemangkin yang telah disintcsiskan 
dikaji melalui pembiasan sinar-X (XRD). spektroskopi sinaran optik plasma induktif 
(ICP-OES). penjerapan-nyahjerapan N2. jcrapankimia N20, mikroskopi transmisi 
elektron beresolusi linggi (HRTEM), program pengurangan suhu (TPR), spcktroskopi 
fotoelektron sinar-X (XPS) dan program suhu pcnjerapan (C02 & NHJ). Kesan 
tcrhadap suhu, jumlah tekanan dan nisbah gas suapan terhadap kadar sinlesis metanol 
juga dikaji. Pcnghasilan metanol tertinggi untuk 57 g/kg.y.emangkin.jam dan perubahan 
TC02 telah direkodkan pada suhu lindak balas 22J'~dapmlah tekanan 40 bar, 
dengan komponen pemangkin aktifberkomposisi 15,15 dan J!oberat Cu, Zr20 dan ZnO 
· · r,I:)-..-,I~W. ·dkbl 1 2' · k' ''bll masmg-masmg .... sRgaR masa tm a a as se ama Jam. ststem pcmang man 1111 o c 1 
~ """fie-! " 
dianggap scbagai sistem yang reaktif. -1 ~ v ~ p ~ ~ A Y" "If' "'-'-"' 
f' rt ~ ~-.-t..· pe ~~ f<..'~Vo.n ~,&.. rvJ.._ ~ '1" ( · 
Kepulusalh menunjukkan kadar sintesis metanol mcningkat dari 8 hingga 
~,Ct / . I'Y)"" ~..., ::t8 kg.J#mangkin.jam dengan peningkatan kepebtaR Cu dari 5 hingga 15%bcrat dan 
tidak memberi kesan lagi lerhadap penambahlcbihan Cu. lni telah ditcntukan oleh fakta 
di mana luas permukaan unluk kedua-duanya iaitu ~nangkin dan Cu meningkat secara 
signifikan apabila kandungan Cu meningkat, dan nilai optimum Ielah dirckodkan untuk 
pemangkin CZC dengan :f% berat Cu iaitu 133 dan 13.1 m2g. masing-masing. 
Tambahan, pemangkin dengan reral Cu mcmpamcrkan nilai tapak aklif asas 
pcmangkinan secukupnya yang memainkan peranan pcnting dalam pertukaran C02 
kcpada mctanoL Kcsan kc alas kcpckata)l-hahagian aktif kedua juga dikaji melalui 
pcnguhahsuaian pemangkin Cu/C'JFs 1'/oherat dengan meguhah kepekatan Zr02 (5-
25%hcrat). Didapati hahawa luas pcnnukaan BET mcningkat secant signitikan 
daripada 130 hingga 152 m'!g dcngan pcningkatan kcpckatan ZrO• dari 5 hingga 
IX 
15C:rat, walaubagaimanapun ia hanya memberi sedikit kesan terhadap 
-;Z~::~ahlebihan Zr02 yang seterusnya. Dalam kajian TPR juga, menunjukkan satu 
peningkatan yang luarbiasa bagi pecahan serakan Cu iaitu dari 18 hingga rj( bagi 
peningkatan kepekatan ZrOz dari 5 hingga lfberat. Kajian tindakbalas menunjukkan 
kadar sintesis metanol terus meningkat apabi1a zirconia digabungkan dengan 
Jfo'mangkin Cu/CNFs dan magnitud tertinggi untuk 25 glkg.pemangkin.jam telah 
diperhatikan untuk penambahan 15%berat ZrOz. Trend ini disumbangkan oleh bilangan 
maksimum tapak aktif alkali, luas permukaan BET yang tinggi dan pecahan serakan Cu 
atas permukaan sokongan. Tambahan lagi, didapati bahawa luas permukaan BET dan 
pecahan serakan Cu meningkat dari 109 hingga 155 m2/g dan 59 hingga 7-l~masing­
masing apabi1a suhu pengka1sinan meningkat dari 350 hingga 4~'C. Kadar 
penghasilan metanol juga dikaji untuk peningkatan dari 27 hingga 34 
glkgj}mangkin.jam apabila suhu pengkalsinan ditingkatkan dari 35{s hingga 45Jc. 
Data pencirian dan kajian aktiviti te1ah mengena1pasti bahawa 4¥ sebagai suhu 
pengkalsinan optimum. 
Penggalak yang berbeza seperti NbzOs and ZnO te1ah didopkan ke da1am 
pemangkin Cu/ZrOz/CNFs untuk mengkaji kesan p.e alas struktur pemangkin dan sifat 
pemangkinan. Keputusan menunjukkan bahawa t/oberat ZnO ada1ah mencukupi untuk 
membaikpulih kadar sintesis methanol dari 34 hingga 45 glkg.pemangkin.jam. 
#mangkin ZnO-dop dapat meningkatkan lagi serakan Cu dan luas permukaan BET 
berbanding dengan Nb20s. Tertib kadar yang didapati bagi pertukaran COz adalah tertib 
pertama. Data kinetik telah dikolerasi menggunakan model rangkaian neuron ciptaan 
dan kecekapan ramalan adalah dalam lingkungan 10%. 
Kajian ini telah membuka potensi dalam penggunaan karbon nanofiber sebagai 
sokongan pemangkin untuk penghidrogenan C02 kepada mctanol. Keputusan 
eksperimen yang didapati da1am kajian ini, adalah seiring dengan model rangkaian 
neuron ciptaan. Kajian ini menyimpulkan bahawa pemangkin Cu/Zr02/ZnO bertapak 
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1.1 Methanol synthesis technologies 
Currently methanol is exclusively synthesized on commercial basis from mixture 
ofsyngas (CO+ Hz) and C02. The overall reactions of methanol synthesis by this route 
is given in reaction 1.1: 
b.H 0 298K = -90.84 kj jmol (1.1) 
For methanol synthesis, syngas is obtained from many carbonaceous sources like, 
coal, coke. heavy oils, petroleum, asphalt and natural gas. However, natural gas due to 
low cost, less impurities and higher content of H2 is generally preferred over other 
sources. S yngas is produced by steam refonning of natural gas. The CO generated is 
reacted with more steam to produce some C02. In this way mixture of CO, Hz and COz 
is produced tor methanol synthesis [ 1]. Industrially methanol synthesis by this route is 
carried at 220-300 "C and 5-10 MPa reaction temperature and pressure. respectively 
over Cu-ZnO/AbOJ catalyst [2-4]. However, it is believed that methanol formation 
takes place mainly from C02, whereas CO acts as scavenger of surface oxygen [5-7]. 
Beside this traditional route, methanol can also be synthesized by pure COz 
hydrogenation. Methanol synthesis by COo hydrogenation is given int?.,action 1.2. 
b.H 0 298 K = -49.5 kj /mol (1.2) 
C02 hydrogenation to methanol is an exothermic process, thereti.)re the reaction is 
thennod;namically favorable at low temperature. However. methanol can he produced 
via C02 hydrogenation with carbon utilization and reaction rate comparable to that of 
syngas route [8-1 0]. Likewise the role of C02 in methanol synthesis can also justified 
by the reported data where methanol was reported to be obtained exclusively from C02 
hydrogenation over Cu/ZnO/ AhOJ catalyst. This was further supported by 
radioactively labeled carbon dioxide isotopes studies. More importantly, no methanol 
formation was observed by usmg a pure CO/H2 mixture over Cu/ZnO and 
Cu/ZnO/AhO catalysts [11]. Similarly, due to environmental impact, methanol 
• 
synthesis by C02 received more attention than traditional syngas route [12]. In liquid 
phase hydrogenation, carbon dioxide is preferred reactant gas over carbon monoxide 
because the rate of hydrogenation of C02 is faster compared to CO [13]. Furthermore, 
methanol formation from atmospheric carbon dioxide hydrogenation has been declared 
as most economical after gas and oil [ 14, 15]. Recently, it has been reported that global 
surface temperature would remain almost constant for many centuries provided that 
C02 emissions are ceased [ 16-19]. Keeping in view the thermodynamic stability of 
C02, hydrogenation of C02 has been less investigated as compared to CO 
hydrogenation. CO hydrogenation to methanol is generally studied over Cu-ZnO/ AhOJ 
catalyst [2-4]. Nevertheless, application of this current methanol synthesis catalyst 
CuO/ZnO/ Ah01 does not look promising for C02 hydrogenation. This is because of 
the production of CO as a sequence of parallel reverse water gas shift reaction (RWGS) 
observed with C02 hydrogenation to methanol. Similarly, water formation during C02 
hydrogenation lowers the activity profile of alumina based catalysts [2, 20, 21]. This 
triggered the investigations of new catalysts that are capable of producing methanol by 
C02 hydrogenation with enhanced activity and selectivity. 
1.2 Methanol synthesis catalysts 
Alumina based methanol synthesis catalysts have been extensively studied. 
Fujimoto et al. [22] investigated Cu!ZnO/ Ah01 for C02 hydrogenation to methanol. 
They reported greater activity and stability of the catalyst owing to stabilization of zero 
valent form of copper. However, due to poor performance ofCu/ZnO/AhOJ catalysts, 
effective conversion of C02 to methanol has not been achieved [23, 24]. Moreover, 
C02 hydrogenation was depressed by strong hydrophilic character of Ah01 [25-27]. 
Similarly, water formation during C02 hydrogenation lowers activity of alumina based 









observed for alumina based Cu/ZnO catalyst [28]. This suggests the lower stability of 
alumina based catalyst for longer duration of reaction time. 
Silica due to higher thcnnal stability and greater dispersion capacity has been 
extensively investigated as catalyst suppm1 for methanol production from C02 and H2. 
Sugawa et al in 1995 investigated different active metals namely Cu. Ni, Co, Fe, Ag, 
Ru, Pt, Pd, Au, Rh, lr, Os and Re supported on silica (29]. Activity studies were 
conducted at reaction conditions of 250 "C temperature, 5 MPa pressure and H2/C02 
ratio of 3. The study revealed higher selectivity of methane for Ni. Co, Rh, Os, and Rh 
based silica catalyst On the other hand, Pt/Si02 showed higher selectivity towards CO 
formation. Only Cu/Si02, Ag/Si02, Pd/Si02 and Fe/Si02 were found with higher 
selectivity to methanol synthesis. Similarly. owing to higher surface area. the silica 
based catalysts showed higher activity and better selectivity for methanol production as 
compared to ZnO-based counterparts [30]. Nevertheless, despite the high surface area 
silica has been documented to be transformed to Si(OHh in presence of steam at higher 
temperature which led to low thennal stability [31]. 
1.3 Potential new catalyst support: Carbon nanofibers 
Carbon nanoflbers (CNFs) were discovered in the last two decades [32]. CNFs have 
excellent potential as catalyst support because of their special physiochemical 
characteristics. tuneable and controllable texture [33, 34] Furthennore, CNFs being 
pure. chemically inert and mechanically strong surpass other oxides catalyst supports 
like silica and alumina [35]. Moreover, in liquid phase reactions mass transfer plays a 
major role in determining the performance of the catalyst As illustrated in Figure 1.1, 
CNFs due to the higher porosity and lower tortuosity will reduce mass transfer 
limitations [36]. Additionally, absence of micro pores in CNFs also mitigates the 
problem of mass transfer. CNFs being a combination of both active carbon and stable 
graphite, are considered as excellent contender as catalyst support Moreover, the 
appreciable stability of carbon materials in acidic as well as basic conditions makes 
CNFs as suitable candidate t<n· catalysts support. High extcmal surface area and special 
morphology ofCNFs allow rapid access of reactant molecules to the active metal sites. 
Similarly, complete absence of bottled pores in CNFs, empowers 3D approach of the 
reactants to the entire volume of catalyst. Furthermore, CNFs due to higher thermal 
conductivity, efficiently remove heat generated during the reaction [37]. Likewise, 
Ledoux et al. [38] reported that greater thermal conductibility of CNFs enabled a rapid 
evacuation of heat generated during the course of reaction. This additional ability of 
CNFs will further support their application as catalyst support in exothermic reactions. 
Consequently, CNFs based catalysts showed better activity and selectivity as compared 
to traditional supported based catalysts [39]. 
Catalyst 
support 





Figure 1.1: CNFs vs Conventional support [36] 
In conclusion, combination uf all these properties makes CNFs as competitive and 
attractive support in catalysis. This was also enforced by reactions studies where CNFs 
supported catalysts showed higher activities and selectivity as compared to the catalysts 
based on conventional supports [33, 40-43]. 
1.4 Reactor aspects 
The following types of reactors have been utilized for methanol synthesis process 







1.4.1 Fixed-bed tubular reactors 
CO, hydrogenation to methanol is extensively studied in fixed-bed type reactors. 
However, heat generated during reaction lowers activity and selectivity in such kind of 
reactors [ 44]. To overcome this problem, Rahimpour et aL [ 45 J introduced two-stage 
bed reactor. This reactor is equipped with two beds with the first bed operated at higher 
temperature where synthesis gas was partly converted to methanol and in the second 
catalysts bed feed gas was pre-heated with heat generated at tirst bed. Consequently, 
the activity pro tile as well as lifetime of catalysts were improved in this modified bed 
reactors. 
1.4.2 Membrane reactor 
To overcome the limitations of fixed-bed reactors. Rahim pour et aL [ 46] in 2009 
introduced dual type membrane reactor. In such kind of reactor, the reaction tube is 
shielded by palladium-silver membrane, which allows selective penetration ofH2 only. 
In this reactor system. partial pressure of H2 is the driving force for penetration of 
hydrogen trom feed gas to the reaction tube. A comparative study of the C02 
hydrogenation to methanol in dual-type membrane reactor and conventional dual-type 
methanol reactor concluded that d~al-type membrane reactor due to favorable 
temperature profile exhibited better activity and longer catalysts life as compared to 
conventional dual-type methanol reactor [46]. Similarly, simulation studied on the title 
reaction reported higher conversion of C02 in membrane reactor as compared to 
conventional bed reactor [47]. Likewise, Chen et aL [48] simul.i!~ed the title reaction 
l ""c or ~~ .._,( 
and concluded that conversion of C02 was i,PCrJml:~r!led by 22 % when reaction was 
conducted in membrane reactor as compared to conventional bed reactor. Furthennorc. 
membrane reactors arc reported with increased selectivity of methanol from C02 
hydrogenation than conventional bed reactors [ 49. 50]. However, the major limitation 
of membrane type reactor is its application in temperature range below 200 "C [ 47]. 
Similarly. because of the them1odynamic limitation. the economic efficiency of the 
current gas phase methanol synthesis is 1011uatistie8 [51]. 
~-l- ~c. +tv '1 
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1.4.3 Slurry reactor 
To overcome thermodynamics limitations of the title reaction, liquid phase 
methanol synthesis technology was introduced in latfoos by Chern Systems as 
LPMeOHTM technology [52]. Since then, this new low temperature methanol 
synthesis was intensively investigated [53]. Liquid phase methanol synthesis, due to 
higher heat transfer efficiency, excellent thennodynamic conditions, higher conversion 
of C02 and low operation cost is preferred over gas phase methanol process [51, 52, 
54-56]. Different alcohol based reaction solvents were used by Zeng et al. [57] for liquid 
phase methanol synthesis. In their study, highest activity for methanol formation was 
recorded with ethanol as reaction solvent. The advantages of slurry reactor versus 
conventional fixed-bed reactor are provided in Table 1.1. 
Table 1.1: Slurry reactors versus conventional fixed-bed reactors [58]. 
Features Slurry reactor Fixed-bed reactor 
Overall reaction rate related to High Low 
the catalyst mass 
Pressure Low/Medium Low/Medium/High 
Operating costs Low High 
Probability of runaways in Low Extremely high 
exothermic Reactions 
Special measures against Not necessary Nearly always 
possible runaways in exothermic necessary 
reactions 
1.5 Problem statement 
Although, methanol synthesis by syngas has recorded good progress since its 
invention by BASF in 1923
1
however, no ultimate progress has been made to produce 
methanol by C02 hydrogenation at industrial level. Methanol synthesis by syngas is 
carried out over CuO/ZnO/AhOJ catalyst. Nevertheless, application of this current 








[59-63]. This is due to the production of"CO as a sequence of parallel reverse water gas 
shift reaction (RWGS) observed with C02 hydrogenation to methanol. Similarly, since 
C02 hydrogenation to methanol is associated with water fonnation. Therefore, alumina-
based catalysts have shown lower activities for C02 hydrogenation to methanol [8, 62, 
64]. Furthennore, as the mechanistic under,:;tandings of the C02 hydrogenation to 
lA II\<{ q r S -<o.,.,J .J -Kt\. lA. S 
methanol are not yet well compreheRaed .<0/he knowledge of an appropriate ~atalyst 
designing is lacking. This is another reason why exploitation of a proper catalyst is not 
yet satisfactory. Similarly, supports of current methanol synthesis catalysts have 
drawbacks like low mechanical strength, poor thermal stability, toxicity and short life 
time [65, 66]. For instance, silica although having higher surface area but it has been 
documented to transform to Si(OH)2 in presence of steam at higher temperature 
reported with low thermal stability [31]. Moreover. conventional supports like Si02, 
Ab03 and Ti02 are ditlicult to be reduced due to formation of the mixed metal-support 
oxides [67]. In addition. metal oxide supports face sintering problem at higher 
temperature during reduction which leads to reduce dispersion of active sites [68]. The 
above mentioned drawbacks led to lower activity and stability of methanol synthesis by 
C02 hydrogenation route. This whole scenario triggered the investigations of a new 
catalyst that is capable of producing methanol by C02 hydrogenation with enhanced 
activity and selectivity. 
1.6 Research objectives 
The aim of this work is to synthesize and evaluate CNFs based Cu/Zr02 catalyst for 
I iquid phase methanol synthesis by hydrogenation of carbon dioxide using a slurry 
reactor. A number of experiments will be conducted to achieve best loadings of copper 
and zirconia components in tenns of methanol production. The catalyst with best 
loadings of catalyst components will be tested at ditTerent calcinations temperature to 
obtain the most thcm1ally stable and active catalyst. The optimized catalyst in tenns of 
active metal loadings and calcination temperature will be selected for study of different 
promoters (Nb,Os and ZnO) in the C02 hydrogenation to methanol. Finally the 
screened catalyst will he tested for kinetics study of C02 hydrogenation to methanol. 
Hydrogenation of C02 to methanol will also be optimized in tcnns of reaction 
7 
conditions like reaction temperature, total pressure and feed gas ratio. The research 
objectives are summarized as below. 
I. To synthesize CNFs based Cu/Zr02 catalyst by deposition precipitation method 
2. To characterize the physiochemical properties of synthesized catalyst by 
different techniques 
3. To optimize the catalyst for C02 hydrogenation to methanol in slurry reactor in 
terms of concentration of both active components (Cu and Zr02) as well as 
catalyst promoters like Nb20s and ZnO 
4. To investigate kinetics of C02 hydrogenation over optimized CNFs based 
Cu/Zr02 catalyst 
1. 7 Research hypothesis 
To address the above problems in methanol synthesis, our research is based on 
following hypothesis. 
I. CNFs due to absence of bottles pores will provide 30 exposure of active sites 
to the reacting molecules. This will increase the reactivity of the catalyst 
2. Higher mechanical properties (strength of 1.5 MPa) associated with CNFs will 
enable its application in bulk phase industrial applications 
3. Due to exothermic nature of title reaction, methanol synthesis will be more 
favorable when it is carried out in liquid medium 
4. Furthermore, mesoporus nature ofCNFs will reduce the mass transfer limitation 







1.8 Scope of research 
In the current work, herringbone type of carbon nanoflbers GNF-1 00 produced by 
Carbon Nann-material Technology Co. Ltd. with diameter ranging from 50-100 nm 
having length of 10-30 um and specific surface area 100- 300 m2/g were used as 
catalyst support. CNFs based Cu/Zr02 catalysts were synthesized by deposition 
precipitation method. To study the effect ofCu loading, catalysts with 5, I 0, 15,20 and 
25 wt.% Cu were prepared with fixed I 0 wt.% loading of Zr02. After the optimum 
loading of Cu was achieved. catalysts with different loading of Zr02 (5, 10, 15, 20 and 
25 wt.% Zr02) were prepared. To observe the effect of calcination temperature, 
optimized catalyst with respect to both active parts wa~ calcined at different degree of 
calcinations temperatures 350.450, 500 and 550 "C. Screened catalyst was incorporated 
with niobium and zinc oxide to investigate the influence of promoters. 
In order to investigate physiochemical properties, catalysts were characterized by 
different analytical techniques. Composition of catalyst components was verified by 
inductively coupled plasma optical emission spectrometry (ICP-OES), phase 
identification of catalysts was performed by X-ray diffraction (XRD). functional groups 
were identified by Fourier transfonn infra-red spectroscopy (FT -lR), surface area and 
pore size were detennined by N2-physical adsorption (BET), surface chemistry of the 
catalyst components was investigated by X-ray photoelectron spectroscopy (XPS), 
morphology and particle size of catalyst particles were studied by transmission electron 
microscope (TEM), reduction behavior of catalysts was investigated by temperature 
program reduction (TPR), acidity and basicity of catalysts were studied by NH 3-TPD 
and CO,-TPD respectively. Surface area and dispersion of metallic Cu was detennined 
by N20 chemisorption. 
Activity of catalysts in C02 hydrogenation to methanol was evaluated in autoclave 
slurry reactor (Parr 4593 with a regulator Parr 4848). Ethanol was used as a reaction 
solvent. Activity of carbon nanoflbers based Cu/Zr02 was evaluated at 180 "C and 30 
bar reaction temperature and pressure, respectively. Kinetics study of the reaction was 
perfonned and the process was optimized in terms of operating parameters such as 
reaction temperature, pressure and feed gas ratio. 
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1.9 Organization of thesis 
The dissertation has five chapters. Chapter I covers introduction and background 
of C02 hydrogenation to methanol. Chapt 2 describes literature review related to the 
current study. Chapter 3 covers the expe ·entia! nd methodology sections of the current 
work. Chapter 4 describes the physioche · a! study as well reactivity data of the title 
reaction. Chapter 5 describes the principal conclusion of the current work as well as 















2.1 Synthesis of methanol 
CHAPTER2 
LITERATURE REVIEW 
R.Dolyc in 1661 discovered methanol for the first time by rectification of vinegar 
on lime milk [69J. At that time the new compound methanol. was named as adiphorus 
spiritus lignorum. The word methyl was first time introduced by Dumas and Lei big in 
1835 when they established molecular identity ofthe compound as methanol. In well-
established history, first successful synthesis of methanol was discovered by Berthelot 
in 1857 by dry distillation of wood. Hence, methanol was also called as wood spirit. 
Since then, investigations to produce methanol on commercial scale began by using 
difTerent routes. 
The first commercial methanol synthesis plant was constructed by BASF in 1923. 
In this process methanol was synthesized by syngas on zinc/chromia based catalyst with 
operating parameters of 300 bar pressure and temperature above 300 °C. This process 
of methanol production was prevailed for more than 40 years. However, 
thermodynamic limitations such as high temperature and pressure associated with this 
process led to the investigations of other techniques for synthesis of methanol. The high 
pressure limitation was mitigated by introducing highly active Cu/ZnO catalyst in 1960. 
This process was industrialized by Imperial Chemical Industries (ICI) and operated at 
pressure and temperature of 50-I 00 bar and 200-300 "C. respectively [II]. 
Currently. methanol has been produced industrially in gas phase from mixture of 
syngas and COo over Cu-ZnO/ Ab01 catalyst at temperature and pressure of 220-300 
"C and 5-l 0 MPa [ 15l It is believed that methanol f(mnation takes place mainly hom 
C02. whereas CO acts as scavenger of surface oxygen [5-7j. However, due to the 
current cnYironmental pmblems like global warming and demand fi.>r clean fueL the 
usage of C02 as reactant gas instead of mixture of syngas and C02, has been extensively 
studied [70, 71]. Several ways like reduction of carbon dioxide emissions, C02 capture 
and storage and chemical transformation to valuable products were proposed to mitigate 
carbon dioxide. C02 hydrogenation to methanol is one of those chemical 
transformations which will not only mitigate this problem but will also produce 
environment-friendly methanol fuel. 
Although C02 hydrogenation to methanol is not the ultimate solution to carbon 
conundrum, but still it is a feasible and economical way of C02 utilization. In 2005 
Olah et al. [72, 73] introduced the concept of ''Methanol Economy" where they 
proposed C02 recycling to methanol. Most recently in 2011 methanol production 
process was patented by Carbon Recycling International (CRI) company. CRI with 
joint adventure of Methanex Corporation constructed first ever plant of methanol 
synthesis by C02 hydrogenation at the Svartsengi geothermal power plant in Reykjanes 
Iceland. In this project hydrogen and carbon dioxide are utilized to produce methanol 
over copper-zinc oxide--alumina catalysts in temperature and pressure range of 220-
250 "C and I 0-30 bar, respectively. The present production capacity of the plant is 3500 
tonnes/year which is planned to increase to 35000 per annum [71]. Similarly, Mitsui 
Chemicals of Japan has also constructed a pilot plant of C02 hydrogenation based 
methanol synthesis with production capacity of 100 tonnes per year [71]. 
2.2 Methanol synthesis strategies 
Starting from destructive distillation of wood to the modem hydrogenation 
synthesis, a number of methods are applied for the synthesis of methanol. Similarly 
variety of feed stocks like wood, coal, forest and crop residue could be utilized to 
produce methanol. Here in this section some common methanol synthesis strategies 








2.2.1 Methanol synthesis by syngas 
Although methanol synthesis was originated trom the destructive distillation of 
wood in 181h century. however the process did not sustain tor longer period of time. 
Similarly other old methods like oxidation of hydrocarbons and synthol process also 
could not remain practical in industrial production of methanol. The etfective 
hydrogenation of nitrogen to produce ammonia triggered the investigations of 
hydrogenating other molecules. A German scientist Matthias Pier working in BASF 
synthesized methanol trom syngas for the first time. 
Methanol synthesis by CO hydrogenation is given in ~action 2.1 as below 
CO+ 2H2 ;=' C H,OH I:!.H
0 
298K = -90.84 kj /mol (2.1) 
The negative value of 1:!.11° shows that reaction is exothermic m nature. Due to 
exothermic nature of reaction, CO hydrogenation is more favorable at lower reaction 
temperature. Similarly. standard Gibbs tree energy (I:!.G 11 ) is an important 
thermodynamic parameter which is applied to determine the spontaneity or non-
spontaneity of the chemical reaction. Negative value of L>.G 11 for a particular reaction 
means that reaction is spontaneous and no external energy is required to carry out the 
reaction at a given temperature. Similarly positive value of L>.G indicates that reaction 
is non-spontaneous and reaction cannot be proceeded with any extra heat supply. ln 
.j.{,e_; case of CO hydrogenation to methanol. standard Gibbs tree energy change (I:!.G0) 
(calculation are presented in bricfin Appendix C (Table Cl) resulted in negative value 
indicating the spontaneity of reaction. However, at higher temperature reaction 
becomes non-spontaneous with positive value of Gibbs free energy change as evident 
in Table 2.1. Generally in chemical reactions all reactants are not converted to products. 
In many cases reaction reaches a stage where concentrations of both reactants as well 
as products are present in equal concentration due to the equal rates of torward and 
backward reaction. This stage of reaction is termed as equilibrium state. Equilibrium 
constant (K) is another important thennodynamic parameter which is used to measure 
the extent of reactant conversion to products in equilibrium state. Hence, value of K 
point out the direction of the reaction at equilibrium condition. The higher the value of 
K. higher is the tendency of conversion of reactants to products. Reactants will he 
completely converted into products for reaction with K value greater than 105, similarly 
K lower than I o-s shows zero conversion of reactants. In case of CO hydrogenation 
K >> I which indicates favorability of the reaction in forward direction and higher 
conversion of reactants to product. Impact of operating pressure is another important 
parameter for reaction in gas phase. As CO hydrogenation to methanol is mainly carried 
out in gas phase, study of change of operating pressure is essential. Effect of pressure 
is governed by Le Chartelier" principle which states that when a system in equilibrium 
is disturbed by any external change, the system will move in a direction to counteract 
the change. In the current case as evident froml4,action 2.1, the number of moles of 
reactants are higher than number of moles of product. So increase in pressure will shift 
the reactants to the product side. Thus CO hydrogenation to methanol is favorable at 
higher operating pressure. Thermodynamics data at two different temperature values 
are given in Table 2.1. 
Table 2.1: Thermodynamic values of methanol synthesis reactions [69, 74] 
tl\ Thermod namic values 
Equation rty i'JI" !1G" 
ikJ/moie) (kJ/mole) 
2.1 25 -90.6 -25.3 
225 -97.9 +21.2 
2.2 25 -49.5 +3.4 
225 -58.1 +41.5 
2.3 25 +41.2 +28.6 
225 +39.8 +20.4 
2.2.2 Methanol synthesis by bio gas 
A flammable gas called biogas is produced by mammals, termites and some 
microorganisms during digestion of food. Similarly, biogas can also be obtained from 





mainly composed of diflcrent ratios of 50-70 % methane and 30-40 'Yo C02 and trace 
amount of H2S. Currently, this gas is generally utilized for generation of heat and 
electricity. However, due to the presence of methane and C02 it is a potential candidate 
for producing methanol. Using biofuel technology, a methanol plant with methanol 
production capacity of30000 L per day was planned in Utah by using manure of250000 
• pigs [72]. Although methanol synthesis by this route is very cheap as compared to the 
current industrial process however, optimization of reactant gases for methanol 
synthesis is quite challenging due to different concentrations of CO" and methane in 
biogas obtained from various materials. Furthermore, in many cases syngas generated 
from biogas docs not produce enough economical quantity of methanol without adding 
any H2. and CO or combination of both gases [75]. 
2.2.3 Methanol synthesis by C02 hydrogenation 
Methanol can be synthesized by C02 hydrogenation and detailed pathway of the 
reaction is given as below. 
(2.2) 
C02 + H2 ;=>CO+ H2 0 l1H
0 
298K = +41.2 kj /mol (2.3) 
CH3 0H ;='CO+ 2H2 l1H
0 
29sK = +90.64 k} /mol (2.4) 
Like the previous reaction. C02 hydrogenation to methanol is also an exothennic 
reaction with negative l1H0 value ~action 2.2). Being an exothennic reaction, C02 
hydrogenation to methanol will be best suited at lower temperature. However, unlike 
CO hydrogenation c',G" value fi.H C02 hydrogenation is positive at both lower and 
higher temperature, indicating that C02 hydrogenation is thennodynamically less 
favorable than CO hydrogenation. Similarly in case of methanol synthesis by C02 
hydrogenation K << I. implying that a lower conversion of reactants to products. 
Moreover. methanol synthesis by this route is also associated with reverse water gas 
shift reaction (RWGS) as shown inJk.action 2.3. In addition. methanol has also been 
reported to undergo decomposition at higher reaction temperature as given in~action 
2.4. As a result of these two reactions an undesired CO is i(mncd which can contribute 
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to deactivation of methanol synthesis catalysts by this route. Furthermore, formation of 
water takes place during methanol synthesis as well as reverse water gas shift reaction. 
The formation of water during C02 hydrogenation is believed to be the one of main 
differences in two approaches. Nevertheless, formation of water during methanol 
synthesis is also reported to improve catalytic profile depending on the concentration 
of water [76]. 
However, despite all those thermodynamic limitations, in terms of kinetics C02 
hydrogenation is faster than CO hydrogenation [59] . Furthennore, in the current 
industrial synthesis methanol is formed mainly by C02 hydrogenation and CO is 
believed to inhibit active sites of catalysts by acting as a scavenger to 02 atoms from 
water [2, 3]. Comparative studies of CO and C02 hydrogenation revealed some facts 
that encourage the latter route. Although CO was believed to be the main source of 
carbon in the early days [77] however, isotope labeling experiment revealed that C02 
is more preferentially hydrogenated to produce methanol [78, 79]. Similarly, Sahibzada 
et al. reported that intrinsic rate of methanol synthesis by C02 hydrogenation was 20 
times faster as compared to CO hydrogenation [76]. They also found that rate of 
methanol synthesis was linear to C02 concentration. Similarly, under typical industrial 
conditions 2/3 of the total methanol produced was from C02 hydrogenation to methanol 
and contribution of CO hydrogenation was very low [80]. Similarly, C02 hydrogenation 
is preferred because of its high abundance, nontoxicity, low cost and greater potential 
as renewable energy source [81]. 
Industrially, methanol synthesis is carried out by a mixture ofsyngas and C02 [15]. 
Although CO hydrogenation to methanol has been extensi;~nvestigated, however, 
little attention was given to C02 hydrogenation. Mai~is is because of the 
thermodynamic stability of carbon dioxide. Nevertheless, reduction of C02 as a 
greenhouse gas, demand for renewable energy sources and public awareness about 
cleaner environment highlighted C02 hydrogenation to methanol. Methanol synthesis 
from hydrogenation of atmospheric C02 has been declared as '·most economical way 










2.3 Catalysts in methanol synthesis 
Catalysts with different compositions have been applied for CO, hydrogenation. 
Methanol synthesis was originated from zinc chromium oxide catalyst. In 1966 Cu 
based catalyst was introduced which showed better activity and selectivity to methanol 
synthesis. Currently almost entire methanol synthesis industry utilizes copper. zinc 
oxide. and alumina catalysts. Catalysts with different compositions of active 
components arc described as below. 
2.3.1 Active metal catalysts 
A typical heterogeneous catalyst consist ofthree major components namely. active 
phase, support and promoter. An active phase is a part of catalyst where reaction is 
taken place. Generally transition metal and their oxides. nitrides, sulfides and carbides 
arc employed for this purpose due to their unique abilities to catalyze chemical 
reactions. Due to multiplicity of low energy surface electronic states, the transition 
metals can readily accept or donate electrons hereby facilitating breaking or forming 
chemicals bonds at the surface [82]. 
A variety of metals based catalysts were studied for hydrogenation of carbon 
dioxide to methanol. Some common metals applied for methanol synthesis catalysts are 
described as below. 
2. 3.1.1 Ag based cata!vsts 
Role of Ag as active part of methanol catalyst has been less investigated. The reason 
I c-.../ 
behind negligence of Ag is its ~activity to methanol synthesis as compared to Cu. 
However, literature regarding Ag role is not entirely univocal. Koppel et al. [83] 
reported higher selectivity for Ag/Zr02 as compared to Cu/Zr02 in low temperature 
(less than 500 K) methanol synthesis. Selectivitv of C02 hydrogenation to methanol . . ~
was observed to be enhanced by doping Ag to CwZrO' with almosfsame conversion 
of carbon dioxide [84]. Bell and Rhodes in 2005 [85] obtained I 00% methanol 
selectivity t(Jr silver catalyst as compared to 75-90 % selectivity tl>r Cuilr02 in the 
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same reaction conditions. Similarly, Ag/Zr02 catalyst showed higher activity with low 
selectivity to methanol formation than Ag/ZnO catalyst at same reaction conditions. 
This implies that Ag/ZnO system is more selective to methanol as compared to Ag/Zr02 
at given reaction conditions. Nevertheless, both activity and selectivity were 
remarkably increased when both oxide were mixed in Ag/ZnO/Zr02 system. However, 
all Ag-based catalysts showed better selectivity but lower activity as compared to 
Cu/ZnO/Zr02, indicating that Ag is less active than Cu in C02 hydrogenation to 
methanol. Interestingly, higher degree of Ag dispersion resulted in lower selectivity of 
methanol. This was recorded on account of linear relationship between dispersion 
degree of Ag and rate of reverse water gas shift reaction route instead of formate 
synthesis [84]. 
2.3.1.2 Pd based catalysts 
Palladium (Pd) based catalysts have also been reported for methanol synthesis via 
hydrogenation of carbon dioxide. Pd based catalysts with different supports like Si02, 
AhOJ, La201 and Th02 were investigated for carbon dioxide hydrogenation to 
methanol. A higher selectivity of methanol (ca 90%) was recorded in reaction 
conditions of 12 MPa pressure and 623 K temperature over Pd/La203 catalyst. 
However, Pd supported on acidic supports showed methane as a main product instead 
of methanol [60]. Fan eta!. investigated Pd based Ce02 catalyst for reduction of carbon 
dioxide to methanol. According to their findings Pd/Ce02 showed higher activity with 
longer period of life time when it was reduced at 500 °C [86]. Multi-walled carbon 
nanotubes supported Pd/ZnO catalyst showed excellent activity for hydrogenation of 
carbon dioxide to methanol [87]. Moreover, Pd/Ti02 reduced at elevated temperature 
of 773 K, disclosed strong interaction between metal and support. This strong 
interaction resulted in higher activity and selectivity to methanol. However, methane 
was obtained as a main product when the same catalyst was reduced at 673 K [88]. This 
suggests that reducibility of catalyst is also an important parameter defining the 






However, in comparison to Cu based catalyst, Pd/ZnO catalyst was found less 
active to methanol synthesis from C02 reduction [88]. Similarly, Pd based catalysts 
showed higher selectivity to methane whereby lowering methanol selectivity. 
c~.., 
2.3.1.3 G8ppcr based catalvsts 
Role of copper as an active catalyst part has been extensively investigated for 
decades. Copper based catalysts have been declared as most active and selective 
catalysts for methanol synthesis by hydrogenation of C02 [29]. Some researchers even 
claim that methanol synthesis by COo hydrogenation is not possible in the absence of 
copper [89]. 
Cu/ZnO is the most extensively catalyst system used for methanol synthesis. 
Generally this system is operated at higher temperature (more than 250 °C) and high 
pressure range (above 50 bar). Addition of ZnO to silica supported catalysts improved 
selectivity of methanol formation from H2 and C02 [29]. Furthennore, the lattice 
oxygen vacancies of zinc oxide not only improve degree of dispersion of Cu but also 
provide greater stability to copper [90]. In addition, the lattice electron pair of ZnO is 
reported to be active for methanol production [12]. Higher dispersion of copper and 
generation of flat Cu species at the surface of zinc oxide resulted in higher activity and 
selectivity to methanol tor Cu/ZnO system. Similar observations were also reported by 
Nitta et al. [91] where addition of ZnO not only increased surface area of catalyst but 
also improved dispersion of Cu, leading to enhanced activity at lower temperature. 
Metal dispersion is also promoted by strong interaction between Cu and ZnO. The 
interaction enhances redox profile of the catalyst which ultimately resulted in higher 
activity towards methanol fonnation [5]. Incorporation ofGa201 as a catalyst promoter 
to Cu/ZnO resulted in better performance of catalyst tor hydrogenation of C02 to 
methanol. Small particles ofGa201 were recorded to facilitate reduction ofCu, leading 
to higher activity of the catalyst [30, 92]. Similarly, owing to strong synergy between 
Cu and ZnO. Cu/ZnO catalyst is believed to be more active than Cu/SiO'. in C02 
hydrogenation to methanol [9:1]. Although some researchers deny the presence of 
synergy effect in Cu catalysts and claim that solely metallic Cu is responsible for C02 
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hydrogenation and RWGS reaction [94, 95], however enough evidences are 
documented for persisting synergy effect of Cu with different oxides. This was further 
manifested by the double rate of methanol formation per Cu site on Cu/ZnO and 
-\VI~ 
Cu/ZnO/ AhOJ as compared to Cu dispersed on support in absence of any oxide [ 61]. 
" Furthermore, the existence of synergy effect can also be confirmed by stabilization of 
Cu+ having neighboring oxides like Zr02 [96, 97], ZnO [30, 92] and ZnO/Zr02 [20] 
systems. 
However, Cu-ZnO as compared to Cu/Zr02 system accelerates conversion of 
methanol to CO relatively at higher temperature resulting lower yield of methanol [98]. 
Moreover, Cu-ZnO system is observed with short life, where catalyst is deactivated 
after a short period of reaction time [3, 4]. 
Cu/ZnO/Ah01 is most extensively studied catalysts for C02 hydrogenation to 
methanol. Currently almost entire methanol synthesis is based on Cu/ZnO/AhOJ 
catalysts [59] Fujimoto et al. [22] investigated Cu/ZnO/ AhOJ for C02 hydrogenation 
to methanol. They reported greater activity and stability of the catalyst owing to 
stabilization of zero valent form of copper. Zinc oxide plays a very interesting role in 
alumina based catalysts. Presence of zinc oxide mitigates the poisoning behavior of Cu 
by chlorides and sulphides impurities in feed gas. Similarly, ZnO not only improves 
dispersion of Cu particles on alumina surface but also exhibits refractory role by 
attenuating the agglomeration of active metal particles, hence increasing the overall 
stability of catalyst for long term operation. Moreover, ZnO being a basic oxide 
neutralize acidic character of alumina, thereby inhibiting conversion of methanol to 
dimethyl ether [30]. 
However, poor performance of Cu/ZnO/ AbOJ has limited the effective conversion 
of C02 to methanol [23, 24]. Moreover, C02 hydrogenation was depressed by strong 
hydrophilic character of Ah01 as compared to Cu/ZnO/Zr02 [25-27]. 
Hydrogenation of carbon dioxide is practiced largely on Cu/Zr02 catalyst. In some 
cases addition of alumina to zirconia is reported to increase the activity and selectivity 
of catalyst towards methanol formation [99]. Zirconia due to abundant availability of 




for hydrogenation reactions [65]. Moreover, higher stability of Zr02 in oxidizing and 
reducing environment enabled zirconia as an excellent support for methanol synthe~sis 
catalysts [2, 1 00]. Besides role of catalyst pn)moter, zirconia incorporated with cop erJ 
i.e. Cu/Zr02 catalyst showed higher activity and selectivity in methanol synthesis a. 
compared to Cu/ZnO system [98]. Greater interaction between catalyst particles leads 
' to higher activity and selectivity in methanol tonnation by Cu/Zr02 catalyst. 
Introduction of Zr02 to copper based catalyst also improved degree of dispersion and 
oxidation state of Cu, resulting in t,>rcater activity of catalyst [64, 93, I 01]. Performance 
of Zr02 based catalysts is also affected by type of crystalline fonn of zirconia [102]. 
Transformation of polymorphic fonns of zirconia is pH dependent during catalyst 
preparation. where tetragonal zirconia is predominantly form at pH 10 while at pH 7 
monoclinic form of zirconia prevail l84, 85]. Furthermore, degree of calcination 
temperature also eflect allotropic transfonnation of Zr02. Zirconia was exclusively 
found in tetragonal form below 500 "C, while fraction of tetragonal fonn was observed 
to transform to monoclinic polymorph with further elevation of calcination temperature 
[103]. Monoclinic Zr02 (m- Zr02) is reported to be 4.5 times more active than its 
tetragonal polymorph (t- Zr02). This is because t- Zr02 has more potential to adsorb 
active intermediate for methanol synthesis like CHJO and HCOO than monoclinic 
zirconia [1 04]. Furthcnnore. owing to Ag' stabilization ctlect associated with t- Zr02, 
activity profile of Ag/Zr02 catalysts to methanol formation was witnessed to enhance 
by increasing t-ZrO' content in the catalyst [84]. Similar observations were also 
recorded for Cu-based catalysts l97]. 
Comparative studies of Cu/Zr02 and Cu/ZnO catalysts concluded that former 
catalyst is more effective in C02 hydrogenation to methanol. Moreover, remarkable 
increase in catalyst activity was recorded when ZnO was added to Cu/Zr02 catalyst The 
presence of Zr02 in /fcu/Zr02/ZnO system led tj;le~~.jO:-tigher selectivity JRr'krt 
methanol ftm11ation. indicating that Zr02 is more selective to methanol synthesis than 
ZnO [91]. However addition of both ZnO and ZrOo enhance activity of catalyst by 
stabilizing Cu' in Cu-bascd catalysts. In contrast. presence of ZnO did not a fleet the 
overall methanol f(mnation rate in Ag-bascd catalyst. while only Zr02 addition 
amplified perfonnance of catalyst to methanol f(mnation. This discrepancy was 
resolved by noticing no substantial stabilization of Ag- by neighboring ZnO [84]. 
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Incorporation of B201 to Cu/Zr02 enhanced the C02 conversion with low selectivity 
values to methanol. In contrast, comparatively low conversion of C02 and higher 
selectivity to methanol was reported when Ga201 was unified to Cu/Zr02 [93]. 
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2.4 Catalyst promoters 
In heterogeneous catalysis, promoter is one of the three major components along 
with active metal and support. The promoter may not be itself active for a particular 
reaction but it can affect the active parts of the catalyst by facilitating the desired 
reaction or by depressing the formation ofunwantcd by-products. Thus both activity of 
the catalyst as well as selectivity of the product could be improved by application of 
promoters. Two kinds of promoters namely structure promoters and active promoters 
are generally used in catalyst industry. The promoter is termed as structural promoter 
when it provides stability to the catalyst in reaction condition generally by preventing 
sintering of the active catalysts particles. Such kind of promoters are inert in nature. 
The second kind of promoters arc active promoters which influence the electronic 
structure of the active part of the catalysts by increasing number of active sites or 
facilitating reduction of active metals. Both kinds of promoters have been investigated 
for methanol synthesis by C02 hydrogenation. Some common promoters applied in 
methanol synthesis catalysts are discussed as below. 
2.4.1 Gallium oxide 
Gallium oxide (Ga203) enhances the activity of copper based catalyst for methanol 
formation by facilitating oxidation of copper to Cu+ state [30]. Similarly, incorporation 
ofGa203 increased activity of the catalysts in methanol synthesis by C02 hydrogenation 
[21]. Moreover, addition of Ga203 to the Cu based catalysts improved catalytic profile 
of methanol synthesis catalysts by C02 hydrogenation [ 1 05] . Introduction of Ga203 
has affected the structural changes in the catalysts and played a role of regulator by 








2.4.2 Niobium oxide 
It is intriguing that catalytic behavior of Niobium (Nb) is quite ditlcrent from other 
family members due to its different periodic properties like electronegativity and 
atomic radius [ 1 06]. Niobium oxide (Nb205) has been used both as catalysts support 
as well as promoter. However, Nb205 has mainly been used as catalyst support [ l 07]. 
Niobia-supported catalysts have been reported with higher activities and better 
selectivity [ 1 08]. The better perfonnance of the niobia-supported catalysts was 
attributed to the formation of new active sites due to the greater interaction of support 
with the metal atoms. Likewise, niobia-supported catalysts have been reported with low 
acidity and strong metal support interactions [ l 09]. Similarly, Nb205 based catalysts 
exhibited better activity and selectivity in hydrogenation reactions of CO and C02 [ 110-
112]. 
Nevertheless. due to its strong acidic character it can also be effectively used as 
catalyst promoter [ 113]. In recent times, role of Nb205 as a promoter was investigated 
on silica and alumina based catalysts [ 114]. Incorporation of Nb205 resulted in drastic 
modification of catalytic as well as adsorptive profiles of the catalysts. Furthermore, 
Nb205 promoted catalysts not only showed better selectivity to olefins but also provided 
!,>reater stability to the catalysts. Moreover, application of niobium-promoted iron 
catalysts in Fischer-Tropsch reaction resulted in higher selectivity towards fonnation 
of C5- hydrocarbons and depressed catalysts activity to methane production [ 115]. 
Furthermore, application of Nb205 as catalyst promoter has not only incremented the 
activity profile of catalysts but it also increased catalysts life time [I 06]. Moreover, 
addition ofNb promoter has resulted in greater activity in liquid phase reactions [ 116]. 
In addition, Nb205 has exhibited better catalytic activity especially in the presence of 
water [1131. Keeping in mind this extra ability of Nb20,, its application in the title 
reaction will have an extra advantage due to water fonnation during C02 hydrogenation 
to methanol. 
Role of Nb205 as catalysts promoters has been hardly investigated for C02 
hydrogenation reactions. 
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2.4.3 Zinc oxide 
Zinc oxide (ZnO) has a dual application in methanol synthesis catalysts. It has 
extensively been reported that ZnO based catalysts worked effectively in C02 
hydrogenation [20, 30, 117-119]. However, promoting effect of ZnO has also resulted 
in better activity profiles of methanol synthesis catalysts. Similarly, ZnO has also been 
reported to play a versatile role ranging from a spillover model to a model that could 
potentially affect the morphology of the active sites [120]. Introduction of ZnO 
facilitated catalyst preparation by forming appropriate precursors which consequently 
led to better dispersion of active components. Furthermore, a refractory behavior has 
been exhibited by ZnO in the presence of alumina and attenuated the unwanted 
agglomeration of active Cu component. In addition, incorporation of ZnO has also 
enabled Cu particles to resist against poison in the feed gas impurities like chlorides 
and sulfides. Additionally. being a basic oxide ZnO has partially neutralized acidity of 
the acidic support like Ah03, thus helping to prevent the transfonnation of methanol to 
dimethyl ether [30]. Moreover, Arena et al. concluded that ZnO has a promoting effect 
on the dispersion of active phase, surface area and reducibility of catalysts for C02 
hydrogenation to methanol [2]. More importantly, incorporation ofZnO to the Cu based 
catalysts resulted a synergism between Cu and ZnO. As a result ofthis synergetic effect 
the electronic interaction between Cu and zn<2-0i+ created active sites like Cu'-0-Zn 
[121]. A similar observation of synergic effect between Cu and ZnO was also reported 
by Chen et al. in methanol synthesis reaction [122]. They also found that ZnO is acting 
as binding site for atomic hydrogen facilitating the adsorption of H2 species. 
Furthermore, ZnO is believed to be involved actively in mechanistic studies of 
methanol synthesis by creating Zn-methoxy oxide. Methoxy oxide is one of the stable 
reaction intennediatc which is converted to methanol on further hydrogenation [ 122]. 
Presence of sulphur is considered as poison for Cu based methanol synthesis 
catalysts. Addition ofZnO to the catalyst scavenge sulphur content irreversibly as ZnS, 
thus providing a protective role against deactivation of catalyst [59] . Introduction of 
ZnO also increases the absorption strength of reaction intermediates like HCO, H2CO, 















fonnation is enhanced [123]. Similarly, addition of ZnO to Cu based catalyst also 
facilitates reduction by adjusting itself to a partial oxidized state Zn' [123]. 
2.5 Catalyst supports 
In heterogeneous catalysis, the main objective of catalyst support is to disperse the 
active phase. Furthermore. ditTerent supports are also applied in order to provide the 
thermal stability to the active phase and to avoid sintering of metals particles. 
A number of investigations revealed that activity and selectivity of methanol 
synthesis is affected by nature of catalyst support. Catalyst particles are dispersed on 
support to achieve higher exposure of active sites to the reacting molecules and also to 
avoid sintering phenomenon associated with high reaction temperature. However, 
different parameters associated with activity and selectivity of catalyst are modified by 
use of an appropriate catalyst support. Acidity or basicity of a support also alters the 
overall performance of catalyst for a particular reaction. Moreover, supports are not 
only responsible of stabilization of actives components but also for tuning surface 
interaction between the active components of catalyst [44]. Role of some common 
methanol catalyst supports is discussed as follow. 
2.5.1 Silica 
Due to higher thermal stability and greater dispersion capacity, silica has been 
extensively investigated as catalyst support fi.1r methanol production from co, and H2. 
Sugawa et al. in 1995 [29] experimented ditTerent metals namely Cu, Ni, Co, Fe, Ag, 
Ru. Pt. Pd. Au. Rh. lr. Os andRe supported on silica. Activity studies were conducted 
at reaction conditions of 250 "C temperature, 5 MPa pressure and H2/C02 ratio of 3. 
The study revealed higher selectivity of methane for Ni. Co, Rh, Os, and Rh based silica 
catalyst. On the other hand, Pt/Si02 showed higher selectivity towards CO formation. 
Only Cu/Si02. Ag/Si02. Pd/Si02 and Fe/Si02 were found with higher selectivity to 
methanol synthesis. Similarly owing to higher surface area. silica based catalysts 
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showed higher activity and better selectivity for methanol production as compared to 
ZnO-based counterparts [30]. 
However, although silica possesses higher surface ar(a}""it it has been documented 
with low !henna! stability due to its transformation to Si~2 in presence of steam at 
higher temperature [31]. Similarly, silica has been reported to undergo silicide 
formation during catalyst reduction at higher temperature [124]. Although in some 
cases, like in Pd-silicide system this silicide formation have resulted in higher 
selectivity for isomerization reaction of neopentane [125]. Nevertheless, formation of 
these metal-support oxides lowers the fraction of reduced metal as these are difficult to 
be reduced [67, 126]. 
2.5.2 Alumina 
Alumina has been extensively studied as support for methanol synthesis catalysts 
by C02 hydrogenation. A 6>radual decrease of methanol yield from 8.1 at I h to 4.4% 
at I 00 h reaction time observed for alumina based Cu/ZnO catalyst. This suggests the 
lower stability of alumina based catalyst for longer dueaf of reaction time. 
Furthermore, stability of Cu/ZnO/ AbOJ catalyst under pro! n~nt rval of time was 
increased by addition of zirconia to the parent catalyst [74]. 
However, the strong metal support interaction between transition metal oxide and 
amorphous alumina is the major drawback of alumina based catalysts [67]. Likewise, 
hydrophilic character of alumina is also one of the reasons for lower activity of alumina 
based catalyst in water forming reactions like C02 reduction to methanol. 
2.5.3 Zirconia 
Recently, comparative studies for zirconia and alumina supports for Cu!ZnO 
catalyst in methanol synthesis revealed higher conversion of C02 and better activity 
and selectivity for Cu!ZnO catalysts based on zirconia as compared to alumina support. 
However, catalyst performance was further enhanced by combination of both supports 






higher thermal stability and higher surface area associated with Zr02-Ab03 system 
[ 127, 128). Moreover, Cu/ZnO/Zr02 catalyst was found more resistant to water 
poisoning during methanol synthesis and was less affected in tenns of catalyst activity 
and C02 conversion than Cu/ZnO/ Ab01 [28) . 
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2.5.4 Carbon nanofibers 
Carbon nanotibers (CNFs) are discussed in details as under. 
2.5.4.1 Structure o(CNF1· 
The structural unit of CNFs is composed of hexagonal carbon resembling the 
structure of graphite as indicated in Figure 2.1. Each carbon in CNFs is linked to four 
other carbon atoms. three of those four carbons are sp2 hybridized with a bond length 
of 1.415 A. while the fourth one is attached through loose interlamellar stacking with 
inter layer spacing of3.35 A. In case ofsp2 hybridized the electrons of carbon bonding 
are highly delocalized and arc easily transported between different units. This is why 
CNFs have good electrical and thermal conductivity. The diameter ofCNFs is ca. 100 
nrn. Furthermore, due to their small size and high aspect ratio, they hold very high 
surface area to volume ratio which makes them a good candidate for catalyst support. 
CNFs are different from vapor-grown carbon fibers (VGCFs) and conventional fibers 
as their diameters ranges in micrometers. Moreover, unlike carbon nanotubes (CNTs) 







Figure 2.1: Graphite crystallite structures (the balls represent carbon atoms and the 
sticks represent the bonding) [ 129]. 
2.5.4.2 Types ofCNFs 
Based on orientation of graphene layers with respect to the central fiber axis, CNFs 
have been categorized in three different types like herringbone, platelet and ribbon type. 
In herringbone type CNFs, graphene layers are oriented obliquely with respect to the 
central fiber axis. They are also termed as fishbone type of CNFs. However, graphene 
layers are perpendicularly placed to the central fiber axis in case of platelet type of 
CNFs. Similarly. the type of CNFs is termed as ribbon, where the graphenc layers are 
oriented in parallel to the central growth axis. Such CNFs are also called as tubular type 








CNFs-R CNFs-H CNFs-P 
Figure 2.2: Types ofCNFs adopted hom [ 130] 
Fishbone and platelet types CNFs are famous for their higher surface area as 
compared to the ribbon type. Similarly, surface edges in fish bone and platelet types arc 
largely exposed as compared to tubular type. so the oxygen surface groups are more 
easily attached in the former types ofCNFs. The metal-support interaction is generally 
dependent to the number of surface oxygen groups. Consequently, all those properties 
make fishbone and platelet types of CNFs more potential candidates in the field of 
catalysis than the ribbon type of CN Fs [ 131]. 
2.5.4.3 Surface modification ofCNFs 
CNFs arc chemically inert and hydrophobic. Due to their inertness, it is diflicult to 
deposit the catalyst particles on their surface [ 132. 133]. When CNFs are treated with 
an oxidizing agent. like HNO,, the oxygen-containing groups are created at the surface 
of the CNFs [ 134]. Nitric acid is used as most commo~idizing agent which 
incorporates oxygen containing groups like -CH~fcJoHVOOH to the surface 
of CNFs [ 135. 136]. In the oxidized carbon nanofibers (CNFs-0) the surtace oxygen 
groups incorporate the active metal particles and act as anchoring sites for the catalyst 
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particles [134]. This treatment is also responsible for the increased acidity and enhanced 
reactivity ofCNFs [136].1! also introduces polarity at the surface ofCNFs. 
2.5.4.4 Deposition(][ catalyst particles without sur/ace modifications 
In general practice, CNFs are treated with oxidizing agent to create oxygen groups 
for adhering the catalyst particles. However, CNFs especially herringbone and platelets 
structures have potential reactive or functional groups to anchor the catalysts particles 
without any pre-treatment. This is because of the fact that CNFs have surface defects 
which work as anchoring site for deposition of catalyst particles. Baker et a!. [ 40] 
conducted a comparative study of nickel deposition on unmodified CNFs, activated 
carbon and alumina support. TEM investigation revealed that well dispersed Ni 
particles with well-defined morphology was found on CNFs support. In contrast, less 
evenly distributed particles were observed on other two supports [33, 40, 135]. 
Similarly, different kinds of CNFs were used as catalyst support for deposition of Rh 
metal. Hexagonal shaped Rh particles were found to be located on the edges of CNFs. 
Irrespective of the type of CNFs, large sized particles were observed for all CNFs 
supports as compared to rhodium supported on silica support [137]. Furthermore, a 5 
% (w/w) Platinum loading on the CNFs was investigated by Baker eta!. [138]. They 
reported successful deposition of platinum with higher degree of (20 %) dispersion. 
Moreover, CNFs based iridium catalysts was synthesized by Vieira eta!. [139]. They 
concluded that higher dispersed catalyst particles were observed due to the stronger 
interaction between the prismatic planes of CNFs and iridium catalyst particles. 
2.5.4.5 Deposition of catalyst particles with sur/ace modifications 
Application of surface modified CNFs have shown better results in catalysis as 
compared to as-synthesized CNFs [140]. Many techniques have been applied for the 
surface modification of CNFs. Treatment of CNFs with some oxidizing agent like 
HN03 is one of those methods which are used for surface modification of CNFs. 
Oxidation ofCNFs can be carried out in liquid as well as gas phase [141]. Nevertheless, 







control and homogenous oxidation in fonner case [ 142]. This treatment is also 
responsible for the increased acidity and enhanced reactivity of CNFs [136]. 
Furthermore, the degree of active metal dispersion has a linear relationship with the 
amount of surface oxygen [143]. Interestingly, the exact sites of oxidation in CNFs arc 
still debatable. According to some researchers the process is limited to the edges of 
~o,>raphite plans [I 44]. In contrast. oxidation has been reported to prevail through the 
whole length ofCNFs [142, 145]. 
Prior to use as a catalysts support. Pham-Huu et a!. treated CNFs with nitric acid 
solution tor 2 hours at 80 "C. Catalyst having 5% (w/w) Pd particles was synthesized 
on the oxidized CNFs by impregnation method. They observed a homogeneous 
deposition on the surface of the modified CNFs and attributed this homogeneity to the 
metal-support interaction [41]. Similarly, 5% (w/w) Pd catalyst was prepared on nitric 
acid treated CNFs by Mojet eta!. and reported a narrow size distribution of Pd catalyst 
particles of about 1.5 nm. [ 146]. XAFS analysis revealed the tonnation of palladium 
tetra amine complex with the surface of the CNFs. Interaction of carboxylic acid h>Toups 
of the CNFs surface and rr-electrons of the support were proposed to be stabilizing 
factor tor the cationic palladium complex. More importantly, the role of surface 
oxidation can be recognized by the observations of Ros eta!. where rhodium particles 
could not even be deposited on the surface of untreated CNFs due to the lack of 
interaction of between surface of CNFs and metal particles [ 147]. 
2.5.4.15 CNFs as a catalvst support 
Majority of the industrial catalysts consist of supported metals. Choice of the right 
catalyst support is pivotal as any interaction between active catalyst phase and support 
can affect the overall activity ofthc catalyst. The desirable characteristics of a suitable 
catalyst support include stability under reaction conditions, chemical inertness, higher 
surface area and porosity, high mechanical strength in bulk phase application. CNFs 
are thcnnally stable at higher reaction temperatures (>I 000 K). Moreover, higher 
thennal stability of catalyst support is desired to withstand the high de~o,>rcc of 
temperature in operating conditions. Them1o gravimetric analysis (TGA) is generally 
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used to study the thermal stability of materials. TGA analysis revealed that CNFs are 
more resistant to oxidation and hence more thermally stables as compared to activated 
carbon [ 135]. Furthermore, CNFs are chemically inert and they show greater resistance 
in acidic as well as basic medium than conventional oxide supports like silica and 
alumina. Furthermore, surface area of the catalyst support should be of the magnitude 
to host adequate amount of active catalyst sites per unit volume. CNFs having higher 
surface area (100-200 m2/g), larger porosity (0.5-2 cm3/g) are very promising in this 
regard. Similarly, high external surface area and special morphology of CNFs allow 
rapid access of reactant molecules to the active metal sites. In the same way, complete 
absence of bottled pores in CNFs, empowers 30 approach of the reactants to the entire 
volume of catalyst. In addition, CNFs due to the higher porosity and lower tortuosity 
will reduce mass transfer limitations [36]. Additionally, absence of micro pores 
mitigates the problem of mass transfer. This makes CNFs as ideal candidate for catalyst 
support especially in liquid phase reactions [148]. CNFs being a combination of both 
active carbon and mechanically strong graphite, surpass other oxides catalyst supports 
like silica and alumina [35]. Furthermore, graphite like sp2 hybridization provides a 
strong mechanical strength to the CNFs. Based on sp2 hybridization, tensile modulus 
ofCNFs is reported to be 1.06 TPa [149] while mechanical strength is calculated to be 
130 GPa [129]. In addition, CNFs due to higher thermal conductivity, evacuate heat 
generated during reaction [37]. Furthermore, CNFs being good thermal conductors 
have an extra advantage as application of catalyst support in exothermic reactions [135]. 
Another extra feature associated with CNFs as catalyst support is the easy recovery of 
precious metallic phase by burning the carbon. Furthennore, being a carbonaceous 
material CNFs are provided with well-developed pore structure which is helpful in 
preventing sintering as well as to achieve good metal dispersions [ 150]. Additionally, 
CNFs arc considered to be excellent catalyst support due to chemically active outer and 
inner end planes [151]. CNFs arc preferred over conventional catalyst support like 
alumina and silica because of their higher thermal stability, higher surface area, 
resistance to corrosion in acidic and basic medium and ease in recovery of precious 
metal particles [38]. Moreover, CNFs due to their mechanical strength are very suitable 






excellent contender for catalyst support. Several reviews regarding role of C'NFs as 
catalyst support has already been published [36, 135, 154, 155]. 
Baker et al. was the first group who started research on C'NFs as a catalysts support 
in nineties [ 156]. They found a strong interaction between active phase and crystalline 
structure of the support. According to their findings, metal particles supported on C'NFs 
behaved differently in terms of reactivity and adsorption strenb'lh as compared to those 
deposited on less structurally ordered supports. Since then, the same b>roup explored the 
specific characteristics of this material compared to the traditional catalysts supports 
[40]. Later on this this material was investigated by many researchers with DeJong 
[157], Ledoux [41], Geus [153] and Lefferts [133] are some of the main contributors 
in this field. 
CN Fs based catalysts showed higher activities for a variety of reactions as 
compared to traditional supported catalysts. Coelho et al. [37] in 2008 reported that 
CNFs has good metal/support interaction because of the prismatic planes on the surface 
of CNFs. Their study also revealed that high specific surface area of CNF s leads to a 
better contact between reactant and active site. Plomp et al. f 158] in 2008 and Dusza et 
al. [ 159] in 2009 studied the deposition of CNFs on zirconia and reported that the 
addition of CNFs to Zr02 inhibits the growth of zirconia, which results in a very fine 
nanocrystalline zirconia surface. This was also enforced by reactions studies where 
C'NFs based catalysts showed higher activities and selectivity as compared to 
conventional supports based catalysts [ 40-42, 160]. 
During the last two decades, applications of CNFs as catalyst support have been 
reported in various reactions. CNFs based catalysts have been extensively studied for 
hydrogenation reactions, both in gas phase as well as in liquid phase [135]. Rodrigues 
ct al. in 1994 conducted comparative study on CNFs, activated carbon and alumina as 
catalyst support for ethenc hydrogenation. Magnitude of higher activity was displayed 
by CN F s based catalyst as compared to alumina and active carbon based catalysts [ 155]. 
Interestingly, CNFs based catalyst showed higher perfonnance than other counterparts, 
even if large sized metallic particles (6-8 nm) on CNFs as compared to 5.5 nm for 
activated carbon and 1.4 nm for alumina. These findings also indicate that catalytic 
hydrogenation is a structure sensitive reaction. Besides, morphological studies revealed 
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that catalyst particles were widely spread on CNFs support which is generally believed 
to be the feature of strong metal-support interaction. Furthermore, strong metal-support 
interaction observed in CNFs supported catalysts, unveiled different strength of 
adsorption and reactivity than catalysts deposited over other less ordered supports. In 
addition, despite the lower content of metal, Pd doped CNFs catalyst displayed higher 
activity in hydrogenation reaction as compared to Pd/AC catalyst [ 161]. Moreover, 
nickel particles deposited on CNFs support exhibited greater activity in hydrogenation 
of lower alkenes [161]. Similarly, it has been demonstrated that due to the better 
interaction between support and liquid, Pd/CNFs have recorded a threefold increase in 
the activity of nitrobenzene hydrogenations [ 161]. Hydrogenation of cyclohexane by 
CNFs based rhodium (1-2 nm) nanocatalyst was studied by Ros eta!. [ 147]. The catalyst 
was found extremely active even at low metal loading of ca I%, low concentration of 
reactant (1% v/v) and lower pressure of H2. Activity of the catalyst was claimed to be 
dependent on the influence of acidic groups of the surface rather than particle size. 
Similarly, Rh/CNFs catalyst, synthesized in mild conditions, exhibited good activities 
for the same process [162]. A comparative study was conducted for reduction of 
crotonaldehyde on CNFs and alumina based nickel catalysts [33]. CNFs based catalysts 
yielded higher amount of crotyl alcohol than the alumina based counterpart. The higher 
activity was attributed to location of nickel particles at the edges of CNFs: thus different 
crystallographic faces of metal exposed to the reactant molecules as compared to that 
of based on alumina. A ruthenium nanoparticles based on CNFs were investigated for 
hydrogenation of cinnamaldehyde [ 163]. The samples were heated in nitrogen flow for 
different degrees of temperature and reported that post-treatments of the samples have 
a crucial role in activity as well as selectivity profile of catalyst. Likewise, reduction of 
cinnamaldehyde to hydrocinnamaldehyde by palladium supported CNFs catalyst was 
studied [41, 154, 164, 165]. The higher selectivity of 90% was attributed to the 
reduction of mass transfer limitations, which is in tum due to mesoporous nature of 
CNFs. Previous work has shown that the activity of the catalyst increases dramatically 
for simple hydrogenation reactions when CNFs were used as a catalyst support as 
compared to corresponding alumina and active carbon supports [156]. 
All these examples underline the importance of CNFs and their successful 











application ofCNFs also revealed that CNFs is cost ctTectivc than CNT. as the market 
price for CNT is I 00 times higher as compared to CNFs [ 166]. 
2.6 Catalyst synthesis methods 
Catalysts have been the core part of manufacturing industry for decades. The 
desirahle profile for any catalyst includes higher surface area, t,>reatcr thermal stability, 
higher dispersion of active sites and longer life time. Choice of preparation method not 
only affects physiochemical parameters of catalyst but it also marks the overall activity 
profile of catalyst. Generally three different approaches are adopted tor preparation of 
catalysts. In the first approach catalyst active components are deposited on support by 
precipitations. impregnation or ion exchange. This is followed by washing, drying, 
calcination and finally activation. In the second approach a high surface area carbonate 
or oxide containing active component is precipitated, followed by drying, calcination 
and activation. ln the last approach non-porous alloy or compound having active 
components is prepared. In this case inactive material is extracted leaving behind high 
surface area porous compound. The tirst approach is simple and most commonly 
f(Jllowed in preparation of methanol synthesis catalysts. Some common preparation 
methods tor methanol synthesis arc described as below. 
2.6.1 Co-precipitation method 
Co-precipitation method is commonly employed to prepare catalyst for methanol 
synthesis. Alkaline carbonates are employed as precipitating agents in this process. 
Generally catalysts prepared by this method show good activity in low pressure and 
low temperature methanol t(mnation. Long duration of time more than 13 huur, and 
diniculty in removing the alkaline content arc some of the disadvantages of this 
technique. Moreover catalysts prepared by this method have been reported with low 
thcnnal stability. toxicity, poor mechanical strength and deactivation in longer time 
span of reaction [ 16 7, 168]. 
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2.6.2 Impregnation method 
ImprC!,'Ilation method is simplest and widely used method for catalyst preparation 
[ 169]. This method entails suspension of solid support in a solution of catalyst active 
elements or precursors. Deposition of catalyst particles depend on the concentration of 
impregnating liquid volume V;mp and pore volume of support ~,. Based on this 
relationship the process is termed as~ dry, capillary or incipient wetness, when V;mp is 
nearly equal to Vp whereas terms like ion exchange and equilibrium adsorption are 
entitled to the process when V;mp > fli,. Driving force for this method is capillary action 
which enables pores filling of porous support. Besides the simplicity the procedure is 
notoriously deficient in attaining unifonn surface layer of precipitants on surface of 
support. 
In carrying out wet impregnation technique, a support is w~ed with a suitable 
solvent. Metal precursors are added to the solution and diffusion and adsorption govern 
the metal distribution. Capillary forces inside the support pores draw the metal 
precursors from the solution. The solvent from the pores of the support is evaporated 
by drying the impregnated sample. Furthermore, drying of impregnated sample also 
redistribute the metal precursors over the surface of support in order to create a strong 
interaction between metal and support. The dried impregnated catalyst is calcined at a 
particular temperature. In this way the catalyst is activated and its mechanical properties 
are stabilized. 
Impregnation method has also been adopted in preparing CNFs supported catalysts. 
Bezemer et al. synthesized CNFs-supported cobalt catalysts for Fischer-Tropsch 
synthesis by impregnation technique [170]. They reported a successful loading of cobalt 
until 9.5 wt% loading with 8% cobalt dispersion. Similarly, wet impregnation method 
was employed to prepare CNFs based ruthenium catalyst [131] . Different types of 
carbon nanotibers like platelet, fishbone and tubular were selected for the study and 
concluded that Ru loading was affected by the type of CNFs. They also found that 
deposition of ruthenium led to increase the specific surface area of tubular CNFs. 
According to their findings higher deposition of ruthenium on tubular CNFs was due to 









As mentioned earlier, impregnation method is simple; however efficiency of the 
method is affected by many factors like temperature, nature of solvent, rate of precursor 
addition and time f(Jr drying impregnated catalyst, Likewise, application of an 
impregnation method resulted in relatively lower metal loadings as compared to 
deposition precipitation method [96). 
2.6.3 Deposition precipitation method 
Catalyst particles can be deposited on the surface of CN Fs by difTerent methods 
like, impregnation and ion exchange methods [156, 164). Deposition precipitation 
method (DP Method) is also one of the methods used for preparation of catalyst. 
Detailed description about DP method is given as below. 
:!.63. I Short historv ofdcposition precipitation method 
Although DP method is well known from a longer period of time, however it was 
less investigated in the early days [ 171, 172]. This method was developed by Gcus, 
Hermans, Van Dillen and DeJong [171, 173, 174]. Later on Burattinct al. utilized the 
method to deposit the nickel particles on the surface of silica [ 175]. Several reviews 
regarding application of DP method were published to highlight the advantages of this 
method l176 ). Since then, DP method is extensively investigated for preparing ditTerent 
types of catalysts. 
:!.6.3.2 Principle a/deposition precipitation method 
Basically, DP Method is the modified fonn of precipitation technique. In this 
technique highly soluble metal precursors are converted to lower solubility substances 
and arc precipitated specifically on the support avoiding precipitation in solution. This 
conversion could be done by increasing or decreasing the pH. Similarly electrochemical 
reactions could also be utilized where the conversion is completed by changing the 
valence state of the metal precursors [ 177]. However. the conversion of sol ublc metal 
precursors to less solubility substances is usually achieved by increasing the pH of the 
solution. Two basic conditions must be satisfied in order to deposit metal particles 
exclusively on the surface on the support. 
I. 
II. 
There should be interaction between the surface of the support and metal 
particles. 
To avoid the precipitation of metal precursors in solution, the concentration 
of the precursors must be retained between the concentration of super 
solubility curve (SS) and solubility curve (curveS). 




pH or concentration of a reactant 
or a precipitating agent 
Figure 2.3: Phase diagram for a pure solution (solid lines) and in the presence of a 
support (bold lines) [178] 
In Figure 2.3, phase diagram of solubility or saturation curve is represented by curve 
(S) represents the equilibrium curve separating the domain of two phases. Similarly, 
supersolubility or supersaturation is designated by curve (SS), which shows that 
nucleation and precipitation of metal precursor will occur if concentration is reached 
up to this mark. In the same way, curve (Ssuppmt) and curve (SSsupport) correspond to 
solubility curve and supersolubility curve in the presence of support respectively. As 
shown in the Figure 2.3, the interaction of metal precursors with support has shifted 
both curve (Ssupport) and curve (SSsupport) to the lower concentration. Similarly, 










above the supersolubility curve (SS) could nucleate the metal precursors in solution. 
Therefore, a gradual addition of precipitating agent to the stirring solution is 
recommended to avoid nucleation of metal precursors in solution. Furthermore, 
maintaining the concentration between solubility curve (S) supersolubility curve (SS) 
and metal-support interaction will avoid the nucleation. By keeping the concentration 
between curve (SS'"PP"'') and supersolubility curve (SS ). metal precursors are 
exclusively deposited on the surface of support [ 179]. 
Main factors affecting the activity pro tile of catalyst like dispersion of active metal 
includes nature of precipitant and precursor and pH of the precursor solution [ 180, 181]. 
One of the most important parameters for DP method is the magnitude of solution 
precursor pH. Song et a!. investigated the effect of pH on the preparation of Pt-dopcd 
Ti02 catalysts and reported that catalysts with highest photocatalytic activity was 
synthesized at pH value around 7 [182]. Similarly. Yoon eta!. synthesized Pt/Ab03 
catalysts by DP method at different pH values from 6.5 to 9.5 and concluded that 
increase in pH beyond 7.5 resulted in lower surface PtOx species as well as reduced 
dispersion of active metal. They also reported that catalysts particle size was affected 
by changes in pH and catalysts with best activity was found the one prepared with pH 
of7.5 [180]. Contrary to this, according to Vander Lee et al. deposition precipitation 
started right from pH 3.5 and maximum deposition takes place at pH 5.8. Beyond this 
point, nucleation of metal precursors is started [ 157]. 
In general practice, metal precursors are dissolved in a solvent and catalyst support 
IS suspended in solution. The suspension is heated to a desired temperature and 
thoroughly stirred. This is followed by addition of precipitating agent in controlled 
manner. The process is continued tor a certain time. solid mass is collected by filtration, 
washed several times with distilled water and dried in oven for particular interval of 
time and calcined at desirable temperature. 
7.6.3.3 Deposition precipitation Kith urea 
As mentioned above. OP method is generally carried out with rising pH method. 
Similarly. it is also desirable to maintain the concentration below supersolubility curve 
(SS) throughout the deposition process. This could be attained by usmg a base. 
Furthermore, a base is preferred with the ability to mix and generate the precipitate 
separately. Urea CO(NH2h. being a delay-base provide mixing and basification of 
precipitates in two different stages. It permits mixing at room temperature and 
undergoes basification when solution temperature is exceeded beyond 60 °C. Urea 
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CO(NH2)2 under goes hydrolysis at elevated temperature <;(nove 60 °C) as shown 
below in~action 2.5 ().., 
(2.5) 
As indicated by Jil'~action 2.5, OH· ions are generated by hydrolysis of urea which 
elL-
increases the pH of the solution. Since, hydrolysis of urea is slow process hence pH of 
.t } 
the solution /y gradually increased leading to deposition of metal precursors on the 
support. Kinetically, rate determining step is an important factor to speed up a particular 
process. Rate determining step for DP method is disputed in literature. According to 
Geus et a!. hydrolysis of urea is the rate determining step in DP method [171]. In 
<" ~ r re ~ o-f .J.o ..j., 
contrast, rate of DP method is claimed to be. H, as lower steady state. jllH resulted in 
I A ,A 
higher deposition rate of nickel particles [157]. In DP metJx5fa)strong interaction of 
precipitating metals and the support lead to deposition o~ls on the surface of 
support [ 1 71]. 
2. 6.3.4 Mechanism ofdeposition precipitation method 
The detailed step-wise study was conducted by van der Lee et a!. in order to 
elaborate the insight of deposition of metal precursors on the support by DP method 
[157]. The schematic illustration is presented in Figure 2.4. Labels A-D represent the 
stepwise illustration of Ni deposition precipitation on silica whereas labels E-H 
symbolize mechanism of the Ni deposition on CNFs. In Ni deposition on silica support, 
there is no significant interaction between nickel hydroxide ions and the silano1 groups 
of the support as indicated by label A. This clearly indicates that prior to nucleati~_j 
deposition of nickel ions does not takes place. However, nucleation of nickel hydroxide 
ions takes place on the surface of the silica at pH value of5.8, resulting in formation of 





of nickel precursors coincides with the nucleation on the surface of the silica. Label C 
displays the formation of nickel hydroxide at pH value around 5.4 and finally nickel 
phyllosilicates is fonned and demonstrated by label D. In contrast, nickel ions 
adsorption occurs from the very beginning at pH value of 3.5 in case of CNFs support 
as shown by label E. Carboxylic acid ),>roups present on the surface ofCNFs act as the 
binding sites f(Jr nic:,eJ ions. It is worth mentioning that in contrast to silica, deposition 
of nickel ions on CNFs takes place before nucleation phase. Furthennore, nearly all 
acid sites are reported to be occupied in the very beginning of the process at pH value 
of 3.5. The further steps labeled as F-H represent nucleation of nickel ions on the 
surface ofCNFs and about 4 nickel ions per acid site have been reported to be adsorbed. 
Nucleation of nickel ions started at pH value of5.8 as shown by label G. However, 22% 
of the nickel has already deposited on the CNFs until that point in strong conflict in 
case of silica. 
The study concluded that acid groups played a vital role in successful deposition of 
nickel ions on the surface of CN Fs. This was further supported by work of Toebes 
et a!. where Pt metal loading was found directly proportional to the number of oxygen 
containing acidic groups on the surface of CN F s [ 160]. 
In addition. these mechanistic investigations also highlighted the importance of DP 
method for preparation ofCNFs based catalysts. 
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Figure 2.4: Schematic representation of mechanism of deposition precipitation [ 157] 
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2_6_3_5 Applications of' deposition precipitation method 
Deposition precipitation method has been widely utilized and developed for 
preparation ofhighly loaded and well-dispersed catalysts [183]. Moreover, comparative 
studies of catalysts preparation by deposition precipitation and impregnation method 
revealed that former route resulted in catalysts with better activities as compared to 
those prepared by latter method [ 182l 
Deposition precipitation has hardly been studied for carbon supported catalysts, In 
case of preparation of CNFs based catalyst, this method was first applied to Ni/CNFs 
system [132], Prior to metalloadin~CNFs were activated by treating with oxidizing 
agent like HN03. By applying this technique 45 wt% ofNi was successfully deposited 
on the surface of CNFs. Van dcr Lee et aL studied deposition precipitation of nickel 
hydroxide over CNFs and silica [157l They reported that 20 % Ni was loaded 
~-~ .,. ~ .,( I ""' """'-"---' ~-"' '---1 
successfully on C s. Deposition of Ni wtts stal'l~ right from the beginning of the 
process on C s 
1
w lethe deposition of Ni on silica support was observed after 0,7 
hours. Furthe re, kinetic study exposed that rate ofNi deposition is faster on CNFs 










surface of CNFs by using DP method with urea decomposition [ 184] . They reported a 
selective deposition of cobalt precursors on the surface ofCNFs. Cobalt metal particles 
with high interaction and metal dispersion of 12 % was achieved by carrying out the 
DP method at higher pH. Furthermore, Tocbcs ct al. investigated synthesis of platinum 
catalysts on the surface of CNFs by DP method and ion adsorption technique [160]. 
The comparative study revealed that significantly higher platinum loadings were 
obtained with DP method as compared to ion adsorption method. The higher loading in 
case ofDP method was suggested to be due to the creation of additional adsorption sites 
by hydrolysis of carboxyl !,'TOups of CNFs. Moreover. they also concluded that DP 
<A.. 
method i~ suitable technique for preparing uniform and thermostable ruthenium 
particles on CNFs. 
High{ftmetal loading up to 45 %and well dispersed catalyst could be prepared by 
DP method [132]. Catalyst prepared by DP method showed better surface area and 
better perfonnance towards methanol synthesis as compared to catalysts prepared by 
co-precipitation (CP) and impregnation method (IM) [96]. Moreover, catalyst prepared 
by DP method displayed greater yield of methanol with much higher selectivity and 
higher conversion of C02 as compared to catalysts prepared by conventional co-
precipitated method [ 157]. 
2. 7 Reactor aspects 
In catalysis terms, a reactor is generally defined as a device which encloses catalyst 
and reaction medium. Reactor is actually a container where reactants are fed at 
particular reaction conditions for a specific time and the end products are removed at a 
particular time. In this way reactor provides a control of different reaction conditions 
like temperature and pressure. On the basis of charging and discharging operations, 
reactors are classified as either batch or steady state !low reactor. Similarly. on the basis 
of relative movement of the catalyst particles. reactors are categorized as fixed bed 
~ 
reactor where catalysts pellets are relatively fixed to each ot era slurry reactor where 
) 
catalysts suspended in some solvent are in motion to on nother. Some common 
reactors used tor methanol synthesis arc discussed as below. 
4.) 
2.7.1 Fixed bed reactor 
Fixed bed reactors are generally applied for gas phase reactions. Industrially 
methanol has been synthesized in gas phase. The process is very slow under normal 
reaction conditions. To improve gas phase methanol synthesis, a special reactor is 
designed to recycle the unreacted gases during the process. 
Fixed-bed reactor has been extensively utilized for hydrogenation of carbon 
dioxide to methanol. A fixed-bed reactor was utilized for C02 hydrogenation at reaction 
conditions of 473 K temperature and 0.9 MPa pressure. Higher conversion of C02 with 
relatively low selectivity for methanol was documented with Cu/Zr02/ZnO catalyst 
[91]. A recent study of Cai et al.[l85] reported a higher C02 conversion and better 
selectivity by using fixed bed reactor for C02 hydrogenation to methanol over CuZnGa 
catalysts. Similarly, Bonura et al. [ 186] utilized fixed bed reactor for C02 
hydrogenation to methanol over Cu-Zn-Zr catalysts. They found that catalyst activity 
was significantly altered by preparation method and concluded that gel-oxalate co-
precipi~n method has a superior functionality over co-precipitation with 
sodiumbicarbonate and complexation with citric acid methods. Furthermore, influence 
__.) 
of Zr on the performance of Cu/Zn/ Al/Zr cataly was investigated in fixed bed reactor 
by Gao et al. [ 187]. According to their findi g) CO conversion was directly related to 
the number of exposed Cu sites while methan selectivity was more dependent on the 
number of basic sites of the catalyst. Similarly, the effect of fluorine on Cu/Zn/ Al 
catalysts for C02 hydrogenation to methanol in fixed bed reactor was investigated 
[ 188]. In the course of study it was found that fluorine modified catalysts showed better 
activity for methanol synthesis in fixed bed reactor. 
2.7.2 Slurry reactor 
Catalyst deactivation is one of the common drawbacks of the catalysts in industrial 
processes. Many factors contribute to the deactivation of catalysts including poisoning, 
thermal degradation and compound formations as well as side reactions chemically and 
fouling, attrition/crushing mechanically [189]. Thermal degradation leads to catalyst 






hydrogenation to methanol is an exothcnnic reaction. This is why methanol synthesis 
catalysts are reported to be deactivated by heat generated due to the cxothennic nature 
ofthe reaction. In such cases, in order to avoid catalyst deactivation heat generated must 
be reduced. One of the possible solutions is to carry out the reaction in liquid phase, 
where heat generated is absorbed by a reaction solvent with high values of heat 
capacity. Apart from avoiding catalyst deactivation, the~namically t.et!·i,hjYC02 
hydrogenation to methanol is favored at low tempera rk liquid·. hase. 
:)"\ 
Slurry reactors are utilized to conduct the reaction 1quid phase. A comparative 
stu~y of slurry reactor and fixed bed reactor for C02 hydrogenation was conducted by 
K1m et al. [190]. They concluded that application of slurry reactor increased more than 
( 0vJ two folds conversion of C02 as compared to fixed bed reactor. Similarly selectively of 
~-~ntcd CO formation in methanol synthesis was also reduced by using slurry reactor. 
Application of slurry reaction is advantageous in such reactions than conventional fixed 
bed reactors. Slurry phase methanol formation is preferred over traditional gas phase 
synthesis. This is because of controllable reaction temperature, high rate of reaction 
heat transfer, low cost of production and minimum cost of overall investment [ 191]. 
The potential advantages of the slurry reactors over fixed bed reactors are summarized 
as below. 
a) Application of slurr~.qrs ensure uniform temperature as the reaction 
contents arc well mi~ 
b) Heat generated during reaction is absorbed by the slurry solvent leading to 
lowering reaction temperature. This also provides)\ good heat control during 
the reaction. 
c) Generally powder form of catalysts are applied in slurry reactors which is less 
expensive than pellet to~ 
'.1. v 
, rry react(~a~ivity of the catalysts could be regenerated by withdrawing 
otfa. ip-strea6' 
d) 
e) ,enerally less reactor volume is ~ded in slurry reactor than fixed bed reactor 
in case of highly active catalysG 
Generally three types of slurry reactors hav7-reportcd in the literature. Type I is 
the stirred autoclave reactors which arc commonly used in batch reactions. Type 2 
45 
sl~ reactors are those where the reaction mixture is agitated with the help of a pump. 
hi'{ype 3 slurry reactors reactant gases are used to produce agitation. Although slurry 
reactors have been utilized for various reactions. however, history of slurry reactors 
) 
applications for hydrogenation reactions is very old. First reported slurry reactor plant 
was constructed way back in 1964 at Institut du Petrole for catalytic hydrogenation of 
t 
benzene to cyclohexane [192]. 
Liquid phase reactors were investigated to overcome thermodynamic limitations 
associated with methanol synthesis from C02 hydrogenation [53]. Owing to the 
exothermic nature of methanol formation, the reaction is thermodynamically more 
favorable at low temperature. Slurry reactors are utilized for hydrogenation of carbon 
dioxide to methanol, where a solvent absorbs heat produced during this process. Prior 
to use, thermal stability of a solvent is examined at typical reaction condition with given 
composition of reactant gases without catalyst. Any solvent with good heat capacity, 
inertness to the reactants and products, thermally stable at specified reaction conditions 
can be used as a slurry solvent. A variety of solvent has been investigated in this regard. 
Sun eta!. used tetrahydroquinoline as a reaction medium for this process and reported 
excellent thermal stability of the solvent for methanol synthesis at temperature range of 
598-698 K and total pressure of 14 MPa. Three different slurry solvents namely 
decahydrethalene, tetrahydroquinoline and tetrahydroo.;;ilithalene were tested for 
methanol syntheses. Tetrahydro@hthalene resulted in~igher rate of methanol 
formation as compared to other two solvents. Activity of ultra-fine CuB catalyst for 
hydrogenation of C02 to methanol was explored in slurry reactor under reactions 
conditions of250 "C and 30 bar. Performance of CuB catalyst was enhanced by addition 
ofTh, Cr and Zr as catalyst promoters [193]. Similarly, Chen eta!. used n-hexadccane 
as a reaction solvent to carryout C02 hydrogenation to methanol in slurry reactor and 
obtain maximum yield at 275 "C [194]. The promoting effect of alcohols as reaction 
medium on the formation of methanol in Cu based catalyst was investigated by Zeng et 
al. [57]. They described a promoting role of alcohols which could be explained in 








C02 + z-H2 + Cu = HCOOCu (2.6) 
HCOOCu + ROH = HCOOR + CuOH (2.7) 
HCOOR + 2H2 = CH3 0H + ROH (2.8) 
In Cu based catalysts formate species are attached to the Cu as shown in reaction 
2.6. In the presence of alcoh{l0*se f(mnate species react with alcohol to fonn ester 
as presented by kaction 2.~is ester on further hydrogenation is converted to 
methanol as displayed by~action 2.8. The interesting thing about the alcohols solvents 
is that they not only participate in the reaction but are also reproduced in the end. So 
the net concentration of al"cohol solvents is not disturbed. This behavior of alcohol 
solvents clearly indicates their catalytic role in the methanol synthesis. Eleven different 
types of alcoholic solvents namely ethanol, n-propanol, n-butanol, iso-butanol, \-
butanol. n-pentanol. cyclo-pentanol, cyclo-hexanol. benzyl alcohol and ethylene glycol 
were investigated as reaction solvents for methanol synthesis. ~ighest yield of 
methanol was reported with application of ethanol as reaction solvent. 
Ethanol has been used as a slurry solvent in C02 hydrogenation to methanol. 
Ethanol has advantage over other slurry solvents as it plays a double role. Being a 
reaction solvent. it not only ahsorbs heat generated during reaction but it also plays a 
catalytic role in the process. Ethanol is actively involved in the C02 hydrogenation to 
methanol as presented below [I 95]. 
C02 + H2 __. HCOOH (2.9) 
(2.10) 
(2.11) 
As it is evident from t4eaction 2.9, formic acid is produced by hydrogenation of 
carbon dioxide. ln}&,action 2. I 0, tonnic acid reacts with ethanol solvent to produce 
ethyl tonnate. This reaction is well-known to be a fast reaction. In the last ste~~action 
2. I I methanol is produced by hydrogenation of ethyl f(mnate. This last step is very 
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well-known and is industrially operated at 180 "C and 30 bar re3ction t~ture and 
' . 
pre~~11re, resp.:stively [ 196]. Furtherm~ the consumption of ethanol i~~p 2.10 and 
its regeneration with equal volumefi?J2.11 confirm its catalytic role. The catalytic 
role of ethanol was further supported by the activity studies where methanol yield in 
the absence of ethanol was decreased to one-tenth of methanol produced in ethanol-
accompanying system at the same reaction conditions. Moreover, this reaction pathway 
was further reinforced by the fact that rate of methanol synthesis was increased 
remarkably when ethyl formate was used as reactant with C02/H2 reactant gases at the 
same reaction conditions [195]. The catalytic role of ethanol was further supported by 
(]AI€'-" 
Tsubak et al. [ 197] where methanol synthesis wen did no;frocee? when ethanol was 
replaced by cyclohexane as a reaction medium at 423 K reaction temperature. They 
further claimed that direct hydrogenation did not yield any methanol below reaction 
temperature of 483 K. However, addition of ethanol resulted in higher activity of the 
catalyst to methanol synthesis. They also reported that rate of reactants conversion as 
well as rate of methanol synthesis was increased by increasing concentration of ethanol 
to the reacting mixture. Similarly, they also found that besides the actively involvement, 
ethanol concentration remained the same and was not consumed when the reaction was 
accomplished. Active participation of ethanol in methanol synthesis reaction was also 
studied by Yang et al. [ 198]. They conducted in situ diffuse reflectance infrared Fourier-
transform spectroscopy (DRIFTS) study to confim1 the reaction mechanism and 
concluded that ethanol participated in nucleophilic addition-elimination reaction with 
formate adsorption species where ethanol played a part of nucleophilic reagent. They 
also concluded that reaction temperature was also decreased by introduction of ethanol 
and net concentration of ethanol remained constant due to its self-regeneration by 
hydrogenation of ethyl formate. Furthennore, they also found that addition of large 
quantity of ethanol increased the overall rate of reaction. Shi et al. [ 199] utilized ethanol 
as reaction solvent for methanol synthesis and also claimed that ethanol played a dual 
role of reaction medium as well as catalyst. As a consequent, higher activity and better 
methanol selectivity was observed by application of ethanol. In addition this dual role 
of ethanol in methanol synthesis has consistently been reported in the literature [57, 







2.8 Effect of reaction parameters 
A number of factors affect the rate of CO, hydrogenation to methanol. Some 
common parameters are discussed as below. 
2.8.1 Effect of reaction temperature 
Generally rate of reaction increases with increase m reaction temperature as it 
increases the average kinetic energy of the reacting molecules. However, as stated 
earlier methanol synthesis from C02 hydrogenation is exothennic in nature hence, it is 
favorable at low reaction temperature. On the other hand, higher activation energy is 
required to overcome the energy harrier of co,. Consequently, rate of co, 
hydrogenation increases with the rise in reaction temperature but only up to certain 
u. ~rr degree. At highey tempera re r e of C02 hydrogenation tails because of decrease in . I 
the thermodynamic cquilio .~ constant with increasing temperature. Therefore this 
reaction is not suitable at very high temperature. A suitable reaction temperature for 
co, hydrogenation to methanol has been quite debatable in the literature. According to 
Fujitani et al. [201] rate of methanol synthesis by co, hydrogenation increases by 
increasing temperature but only up to 493 K and any turther rise in this temperature 
~¥presses the rate of reaction. Similarly 5~3 K was claimed to be the maximum 
temperature for COo conversion and yield of methanol [202]. This discrepancy is quite 
understandable if we recall other associated reactions occurring along with the co, 
hydrogenation to methanol. Reverse water gas shi~(RWGS) is one important reaction 
taking place with C02 hydrogenation as shown inJ4.action 2.12. 
C0 2 + H2 ~ CO + H2 0 !1H" 298K = +41.2 k] /mol 
l cz.1z 
Due to the endothennic nature. this reaction is tavorahlc at high temperature. So 
increase in reaction temperature will shift the C02 hydrogenation to reverse water gas 
shift reaction. Moreover, apparent activation energies of methanol synthesis and R WGS 
reaction are given at different reaction conditions in Table 2.2. The apparent activation 
energies of RWGS reaction are closely grouped at different reaction conditions. In 
contrast methanol synthesis has widely placed apparent activation energies over the 
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entire range of reaction conditions. This also indicates that reaction pathways are 
dependent on the reaction conditions like composition of catalyst and reaction 
conditions. Moreover, it also implies that methanol synthesis is more sensitive than 
RWGS reaction in terms of reaction condition. Additionally, in all cases the apparent 
activation energy of R WGS is more as compared to the methanol synthesis. This 
implies that rate of RWGS reaction is faster than methanol synthesis reaction with 
increasing temperature. 
Similarly, methanol decomposition to CO is shown by~action 2.13 
!::.H 0 298K = +9 ;....lij jmol ( 2.13 ) 
\S 
This reaction too is endothermic and there ore favorable at elevated temperature. 
f v..._Cv- t. a._ y<_ .t1 
So in this regard, ftse.in reaction temperature will ecomposc the methanol to produce 
CO. Ahouari et a!. [89] reported that C02 conversion and methanol production was 
increased with increasing reaction temperature and maximum methanol yield was 
recorded at 250 "C and decreased beyond this temperature. They noticed that at higher 
temperature major part of COz was converted to CO and only a small fraction was 
hydrogenated to methanol. They also described that methanol synthesis reaction was 
more sensitive to reaction temperature than the reverse water gas shift reaction. 
Furthermore they also found the evidence of methane fonnation at 350 "C. Similar 
investigations were also reported by Qi et a!. [203] where rate of methanol formation 
was increased with increasing temperature and maximum yield of methanol was 
recorded at 240 "C. Beyond this point rise in reaction temperature declined the methanol 
synthesis rate and subsequently rate of CO fonnation was increased. They also 
concluded that reaction temperature was the controlling factor for transformation of 
reaction from kinetics to thennodynamics. In the same way, selectivity of methanol was 
declined from 37.6 % at 220 "C to only 2.1 % at 300 "C. However, COz was further 
increased from 16.2% at 220 "C to 28.3% at 300 "C and consequently selectivity of 
CO increased from 62.3 %at 220 "C to 97.2% at 300 "C. Indeed, it is quite evident 
from these results that reverse water gas shift reaction exceeds methanol synthesis at 
higher temperature [ 69]. Xin et a!. [202] studied effect of temperature on performance 
of Cu/Zn/Al!Zr fibrous catalyst at a constant reaction pressure of 5 MPa in slurry 






range of 210 to 270 "C at 5 MPa constant reaction pressure and effect of reaction 
temperature on methanol yield as well as C02 conversion is presented in Figure 2.5. 
Methanol yield was observed to increase from 11.4% at 210 "C to 17.9% at 250 "C. 
while methanol yield was dropped with further increase of temperature. Because of 
thermodynamic constrains optimum yield of methanol was obtained at 250 "C. 
However, a linear relationship was observed between C02 conversion and degree of 
reaction temperature. Similar trend for C02 conversion was also reported by Tidona et 
al. [204]. More importantly the optimum value of reaction temperature is also 
dependent on the nature of catalyst. Chen et al. [194] investigated the role of reaction 
temperature for two ditlerent catalysts namely 20 % Cr-CuB and 20% Th-CuB. They 
found that reaction temperature played a vital role in productivity of methanol and 
maximum yield of methanol was obtained at 275 "C l(Jr 20 % Cr-CuB and 225 "C for 
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Figure 2.5: Relationship between reaction temperature and C02 conversion and 
methanol yield from experimental results and thermodynamic predictions [202] 
.. 
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In c-onclooing-the diss!wsioo, reaction temperature affects the catalyst activity as 
well as product selectivity. Reaction temperature was declared to be the main factor tor 
catalysts activity as well as methanol selectivity. 
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Table 2.2: Activation energies of methanol synthesis and RWGS reactions (69] 
EA kJ/mol Experimental 
conditions 
Catalyst Feed Gas 
Methanol RWGS T (•C) P (bar) 
synthesis 
Cu/ZnO/Ah01 104 109 170-220 50 H2/C02 
Cu/ZnO/Ah01 65.2 123 210-245 15-50 H2/C02 
Cu/ZnO/Ah01 54.3 - 200-280 60 H2/C02/CO 
Cu/ZnO/Ah01 77.7 125 200-250 50-100 H2/C02 
Cu/ZnO 64 121 150-250 I H2/C02 
Cu!ZrOz 49.7 93.2 200-260 17 H2/C02 
2.8.2 Effect of reaction pressure 
From thermodynamics point of view, hydrogenation of C02 to methanol is 
i favorable at high pressure. Methan9} syn~hesis as given in j~ction 2.2 is molecul~r-
c " . 
(' ~,. ,_,1,,"' reducing reaction, so according t<(Lishetliers ~rjnciple it will best suited at higher 
reaction pressure. On the other hand, TJolll'RWGS ~ction 2.3) and methanol 
decomposition fb_action 2.4) being molecul;i;--increasing reactions will be deptessed by 
increasing reaction pressure. So indeed, in both cases methanol synthesis rate as well 
as selectivity will be enhanced thennodynamically. Furthermore, formation of water 
molecules during methanol synthesis also work as driving force to shift the RWGS to 
the left side decreasing the CO production. Nevertheless, increase in reaction pressure 
also accelerates oxygenate formation and oxygenates have been reported to increase 
selectivity for dimethyl ether synthesis rather than methanol at high pressure [205]. 
tJ 
)ri the beginning, methanol synthesis was carried out at very high pressure when 
first started in 1920's by BASF. However, the reaction pressure was reduced to 50-I 00 
bar by the introduction of ICI method in 1960. Graaf et a!. in 1988 developed a low 








synthesis model was more precise than all other prev10us reported models [206]. 
Similarly, Liu et a!. [ 12] reported that methanol could be produced at as low pressure 
as 20 bar. Liaw ct a!. [ 193] investigated the effect of pressure at constant reaction 
temperature of 210 "C and found that methanol synthesis as well as CO, conversion 
increased with increasing pressure. Similarly, Aneta!. [202] studied effect of pressure 
on perfonnance of Cu/Zn/ AI/Zr fibrous catalyst in slurry reactor at constant reaction 
temperature of 523 K. The relationship between CO, conversion and methanol 
synthesis with respect to reaction pressure is presented in Figure 2.6. It is quite clear 
from the Fit,>ure that increase in reaction pressure favors the C02 conversion and 
methanol yield. Tidona et a!. [204] investigated perf(mnance of Cui AhOJ and 
commercial Cu/ZnO/Ah01 catalysts for C02 hydrogenation to methanol over wide 
range of pressure. They reported that increase in pressure from 50 to 360 bar resulted 
in three fold increase in methanol formation. Interestingly. methanol yield was 
independent of reaction pressure at temperature lower than 250 "C. 
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Figure 2.6: Relationship between reaction pressure and C02 conversion and methanol 
yield from experimental results and thennodynamic predictions [202] 
Nevertheless. methanol synthesis at very high pressures is unsafe and it will also 
increase the production cost. 
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2.9 Effect of feed gases composition 
Thermodynamically, feed gas ratio can be calculated by observing. C02 
hydrogenation as below 
b.H0 298K = -49.5 k] jmol (2.14) 
As it is quite obvious fro~action 2.14 that one mole of C02 is reacting with three 
moles of H2. So thermodynamically H2/C02 ~ 3 will be favorable for COz 
hydrogenation to methanol. However, in practical application this factor is quite 
debatable. 
Conventionally, most of methanol synthesis has been carried out with 
stoichiometric value of H2/C02 molar ratio of 3. Urakwa et al. [207] investigated 
methanol synthesis by varying the feed gas ratio at constant reaction pressure 360 bar 
and temperature 260 °C over Cu/ZnO/AbOJ catalyst in tubular reactor. They 
documented a drastic increase in methanol synthesis as well as C02 conversion by 
switching the molar ratio of H2/C02 from 3 to I 0. This suggests that higher partial 
pressure of H2 favors the methanol formation. Moreover, tl}e, methanol synthesis at 
( 
higher pressure was found to thermodynamically controlled atfC02/H2 ~ 2' I 0, whereas ? 
reaction is kinetically controlled at molar ratio of< I 0. Shen et al. [208] conducted 
computational study to examine the effect of feed gas ratio on production of methanol. 
They investigated H2/C02 ratio in the range of 0.5, I, 2, 3, 4 and 5 at different degrees 
of reaction temperature at constant pressure and vice versa. The methanol yield was 
observed to)¥increase~ significantly with increasing ratio of H2/C02 at each degree 
of reaction temperature (483 K, 523 K, and 563 K) with 3MPa constant pressure. 
Similarly, study of methanol synthesis at varied reaction pressure (I MPa, 2MPa, 3MPa, 
5MPa, 7MPa and 9MPa) and constant reaction temperature 523 K revealed the same 
linear trend between ratio of Hz/C02 and methanol synthesis rates. Similar results were 
reported by Kim et al. [ 190] in their C02 hydrogenation investigation conducted in 
slurry reactors. They studied H2/C02 ratio of2-5 and higher C02 conversion rates were 
observed by increasing H2/C02 ratio. This could be simply justified that as increase in 










concentration of hydrogen will promote the hydrogenation process further leading to 
enhance both C02 conversion as well as methanol synthesis. 
2.10 Artificial neural networks for kinetics modeling 
Artificial neural networks (ANN) has been developed by McCulloh and Pitts in 
1940s [209]. However. the model became more popular around 1985 when back 
propagation method f(Jr training neural networks was presented by Rumelhart et al. 
[21 OJ. Since then ANN model has been extensively investigated f(Jr predicting rate of 
reactions. forecasting and recognizing patterns [21 1-213]. 
ANN is mathematical and computational model which perfonns parallel processing 
of infi.mnations. A neural network contains an interconnected group of artificial 
neurons and connectionist approach is used to process the information (Figure 2. 7). ln 
general practice each neuron acts as a processing unit which collects some numerical 
inputs. multiplies the inputs by adjustable parameters called weights. and the result is 
obtained by adding a scalar parameter termed as bias. 
Input layer Hidden layer Output layer 
Figure 2. 7: Structure of a typical multilayer pcrceptron neural network [214] 
Structure of a typical artificial neuron is shown in Figure 2.8. In a typical 
experiment. when the sample (train) data is introduced to the network. the model adjusts 
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its structure (the weights and biases) in such a way that finds the pattern between the 




Figure 2.8: Structure of a typical artificial neuron [215] 
ANN model has been declared as a promising technique, when complex reaction 
systems cannot be well understood or in case, where the basic knowledge of reaction 
mechanisms is not well known. Since C02 hydrogenation is a complex reaction and the 
exact mechanism is not yet identified, so the ANN .model is best suited to be studied 
I 
for finding the kinetics of reactions. Besides thisyit has been reported that ANN model 
is 120-5000 times faster than phenomologicat models and therefore have an extra 
advantage of computation times [216]. Due to all these advantages ANN model has 
been widely investigated to formulate kinetic models for different biological and 
conventional chemical reactors [217, 218]. Recently, ANN model was employed to 
study reaction kinetics of methanol dehydration over nano Ab03 catalyst by 
Alamolhoda eta!. [214] in slurry reactor. It was concluded that rate estimation by ANN 















3.1 Background of chapter 
This chapter focuses on the methodology and the experimental work perfonncd 
during the study. 
The overall process of research methodology is summarized in Figure 3.1. 
( 'NFs Functionalization 
! 
Synthesis of C:'\'Fs based catalysts with different Cu loadings 
! 
Characterization of~ catalvsts ! It . 
Screening of catalysts activity at 180 °C and 30 b~u 
! 
Synthesis of CNFs based catalysts with different Zr02 loadings 
! 
Characterization of aj). catalysts l 1 /1 
SCI't."euing of catalysts activity at 180 °C and 30 bar 
l 
Optimization of calcination temperature 
l 
Promotion of :\band Zn oxides to screened cataly't 
l 
Kinl'tics & oplimizatinn uf reaction condition.., (tempt.•raturC', total pressure and fc-t.·d ga' vol. ratio) 
Figure 3.1: Research methodology layout 
3.2 Materials 
A variety of chemicals were used in the research, These are tabulated in Table 3.1. 
Table 3 .I: Chemicals and gases used in the study 
• 
Materials Supplier Purity Purpose 
(%) 
Cu (NOJ)2JH20 R&M Chemicals, UK 99 Catalyst precursor 
ZrO(N03)2· xH20 SIGMA-ALDRICH, USA 99 Catalyst precursor 
Ammonium SIGMA-ALDRICH, USA 99.99 Catalyst promoter 
niobate (v) oxalate 
(C4H4NNb09) 
Zn(N01)2·6H20 SIGMA-ALDRICH, USA 99.9 Catalyst promoter 
HNOJ Merck 30 CNFs activation 
' ' ~ ~ lr'VA" "'--'!'-- :'.!< 
CNFs ) Korea·S.-~ . 99 Catalyst SUJ2Port 
S%H2/N2 Malaysian oxy_Een MOX 99.9 Reduction 
H2/C02 Malaysian oxygen MOX 99.9 Reactant gas 
N20 Malaysian oxygen MOX 100 Chemisorption 
NH1 Malaysian oxygen MOX 99.9 Catalyst acidic profile 
C02 Malaysian oxygen MOX 99.9 Catalyst basic profile 
3.3 Methods 
Deposition precipitation method was used for synthesis of catalysts. Prior to use as 
a catalyst support, carbon nanofibers (CNFs) were activated by an oxidizing agent. The 




3.3.1 Activation of CN Fs 
In typical experiment. CNFs were activated by rctluxing 5 t,'fams of CNFs with 35 
vol.% nitric acid solution at 90 °C for 16 hours. The oxidized CNFs were filtered via 
vacuum filtration. and were washed with distilled water until the filtrate pH was more 
than five. The treated CNFs-0 were dried overnight at 110 oc [ 140. 158. 219]. 
3.4 Synthesis of catalysts 
All catalysts were synthesized by using the deposition precipitation method [ 132, 
157. 175. 178. 183 j. A schematic diagram is illustrated in Figure 3.2. 
CNFs-0 
Addition ofCNFs-0 
, pH adjustment 
Precursor's salts 
di~solved in distllled 
water 
• 
Heating to 90"C Urea addition 
• 
Stirring the mixture for 20 hours at 90(1C 
• Vacuum filtration for 5 hours 
I 
• 
Drying at 11 0°C for 12 hours 
Drying at I I V'C for 12 hrs 
Addition of promutcr· s 
precursors 
• 
Calcination in tubular furnace 
in Ar tlow f(x 3hours 
Figure 3.2: Flow c:hart t(n synthesis ofCZC catalysts 
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Catalyst particles can be deposited on the surface of CNFs via different methods 
like impregnation and ion exchange methods [220, 221]. In the current work, deposition 
precipitation method had been employed [157, 160]. This method was selected for 
preparation of catalysts because it had been reported for preparation of highly loaded 
and well-dispersed catalysts [ 132, 175, 178, 183]. Nitrates salts were used as a precursor 
material for all metals due to their availability, higher solubility in water, easy removal 
of nitrates, and their rapid decomposition rate for formation of oxides compared to other 
precursors. The required amount of precursor was calculated to produce 5 grams of 
catalyst. Calculations for catalyst formulation are given in Appendix A ~ection AI). 
3.4.1 Preparation of bimetallic catalysts 
Deposition precipitation method was employed to synthesize Cu/ZrOz/CNFs-0 
(CZC) catalysts [157, 160]. A required quantityofCu (NOJ)2.3Hz0 (R&M Chemicals, 
UK) was dissolved in 250 ml of distilled water. The solution was stirred for I 0 minutes 
to obtain a clear solution. A 5 gram of oxidized CNFs were added to the solution and 
stirred. The pH of the solution was adjusted to 2.3 by adding dilute HNOJ. Next, the 
solution was heated to a temperature of90 °C. I gram of urea (R&M Chemicals, UK) 
solution in 6 ml of distilled water was added to the solution as a precipitating agent. 
The solution was stirred for 20 hours. Later, the slurry was cooled to room temperature 
and it was filtered via vacuum filtration. The copper loaded CNFs were washed with 
distilled water and were dried at II 0 °C for 12 hours. 
The same procedure was repeated for the loading of Zr02. The dried copper loaded 
CNFs-0 were added to a solution of zirconyl nitrate hydrate (SIGMA-ALDRICH, 
USA). The synthesized bimetallic catalyst was washed with deionized water, dried at 
II 0 °C for 12 hours, and the dried samples were calcined in tubular furnace in Argon 









3.4.2 Preparation of bimetallic catalysts with promoters 
The bimetallic catalysts were later promoted with different loadings of Nb and Zn 
oxide promoters. 
a) Nb promoted bimetallic catalysts 
In order to investigate the effect of Nb oxide, different amounts of Nb,Os, namely 
0.4. 0.8. and 1.2 wt%. were loaded on CZC catalyst. ln the first step. the bimetallic 
catalysts were synthesized as discussed earlier. This parent catalyst was added to the 
solution ofNb precursor (ammonium niobate (v) oxalate hydrate 99.99% pure Aldrich). 
The slurry was stirred for 16 hours at lower pH with urea hydrolysis. Next. the modified 
catalvsts were liltered. washed with distilled water. and dried at 110 oc overnight. The 
Nb,05 loaded catalysts were calcined and reduced before reaction studies were carried 
out. 
b) ZnO promoted bimetallic catalysts 
The effect of ZnO promoter was also studied for CO, hydrogenation. CZC catalysts 
were loaded \~our different concentrations of ZnO. namely 1. 2. 3, and 4 wt.%. The 
( ,.l._-, ,. ....c 
same procedure was adopted tor ZnO as described in).4.2. (a). Zn(N0,)2•6H2~ibma-
Aldrich was used as Zn precursor in the study. All catalysts prepared in the course of 
study are listed in Table 3.2. 
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Table 3.2: List of prepared catalysts for the current study 
No. Catalyst Catalyst pt z•• Metal Promoters 
notation composition Metal 
Cu ZrO, wt% NbzOswt% ZnOwt% 
wt% 
I CZC5 5 - -
2 CZCIO 10 - -
2 CZC15 Cu/ZrO,/CNFs 15 10 - -
4 CZC20 20 - -
5 CZC25 25 - -
6 5CZC 5 - -
7 15CZC Cu/ZrO,/CNFs 15 15 - -
8 20CZC 20 - -
9 25CZC 25 - -
10* CZC350 - -
II* CZC450 Cu/ZrO,/CNFs 15 15 - -
12* CZC500 - -
13* CZC550 - -
14 CZC-Nb16 0.4 -
15 CZC-Nb32 Cu.Nb/ZrO,/CNFs 15 15 0.8 -
16 CZC-Nb48 1.2 -
17 CZC-Zn1 - I 
18 CZC-Zn2 Cu.Zn!ZrO,!CNFs 15 15 - 2 
19 CZC-Zn3 - 3 
20 CZC-Zn4 - 4 
* CZC350, * CZC450, * CZC500, and * CZC550 are 15CZC catalysts calcined at 350, 450, 








3.5 Characterization of catalysts 
The activity and the selectivity of the catalysts had been affected by different 
physiochemical parameters. The prepared catalysts were characte~ized in order to 
investigate the physiochemical pro tiles of CZC catalysts. Bulk phase components. as 
well as surface components of catalysts, were characterized with different techniques. 
A brief description of the characterization techniques is given in Table 3.3, while the 
detailed procedure of each technique is briefly discussed in the following sections. 
Table 3.3: Characterization techniques used for CZC catalysts 
No. Technique Instrument Purpose of investigations 
model 
1 XRD Bruklrr A&S 08 Structure and phase studies 
I 
Advanced 
2 FT-lR Perkin-Elmer Functional groups identification 
spectrum one 
( : \ ' ! 
{., 
3 TEM Zeiss LIBRA 200 Morphology and particle size 
FETEM 
4 N2 adsorption- Micromeritics Surface are. pore size and pore 
desorption ASAP 2020 volume 
5 TGA Perkin Elmer Decomposition and calcination 
(Pyris 1) temperature 
6 H2-TPR TPDRO (100 Reducibility of catalyst 
MS) 
7 C02-TPD TPDRO (100 Basic sites detennination 
MS) 
8 NH1-TPD TPDRO (100 Acidic sites detennination 
MS) . \ 
·-1-- ---- 'l-~' - ---
9 ICP-OES Perkin Elmer; l Metal loading 
10 N20 Chemisorption TPDRO (100 Metal surface area (Cu0) 
MS) 




3.5.1 X-ray diffraction (XRD) 
X-ray diffraction (XRD) is one of the most widely used techniques for 
characterization of solid materials. Althoughj:,rays were discovered way back in 1985 
by W.C. Rontgen, the technique gained its popularity in the 1970s when the refinement 
method for powder structure was introduced by H.M. Rietveld [222]. 
In the present work, characterization of samples had been done using an X-ray 
diffractometer. The XRD technique was employed to investigate the structure and the 
phase of catalysts. Bruker A&S D8 Advanced Diffractometer was used at room 
temperature. The instruments had been fitted with CuKa as the radiation source was 
operated at 40 k V and 30 rnA with scanning 20 angle range of I 0-80" with 1.2 °C/min 
of scanning speed. About 0.6 gram of sample quantity was used for analysis. 
3.5.2 Fourier transform infra-red (FT-IR) 
Fourier transform infra-red (FT-IR) analysis is based on molecular absorption 
spectrum generated by transmitted light. Fourier Transform Infrared Spectroscopy 
(FT-IR) is a useful tool for identification of functional groups. Both organic and 
inorganic functional groups can be identified via FT-IR. It can be utilized for 
quantitative, as well as qualitative analyses. Similarly, samples in solid, liquid, or in gas 
phase can be analyzed by using this tool. Besides, FT -IR has been extensively used in 
laboratories for identification of various compounds. 
In the current study, Perkin Elmer Spectrum- I spectrometer was employed for 
FT-IR analysis. Prior to analysis, the samples were pelleted with KBr (Potassium 
Bromide) by using hydraulic pressurizing equipment and the characterization was 
perfonned in a wavelength range of 400-4000 em·'. 
3.5.3 Diffuse reflectance spectroscopy 
Diffuse Reflectance Spectroscopy (DRS), also known as Elastic Scattering 





reflectance spectrum produced as light passed through a medium. When incident light 
strikes a surface, the rays arc difti·acted. The difrracted rays may be symmetrical and 
appear in a nonnalline called specular reflection. ln contrast, the incident light may be 
scattered in difTercnt directions, such as diffraction, and it is called diffuse reflection. 
ln the current work, Agilent Cary 100 UV-VIS Spectrophotometer was employed 
fi.1r this purpose. The samples were investigated in ultra violet regions from 200-400 
nm and in visible regions from 400-800 nm. 
3.5.4 Raman spectroscopy 
Raman spectroscopy is a very powerful technique in understanding molecular 
structure. This technique is preferred over other techniques as it is simple and requires 
no special procedure for sample preparation and very little amount of sample is required 
for analysis. 
HORlBA Jobin Yvon model HR 800 Raman Spectrometer with laser source of514 
nm and focal1cngth of 800 nm was utilized for Raman study. 
3.5.5 Inductively_ coupled plasma optical emission spectrometry 
' ' 
Inductively_couplcd plasma optical emission spectrometry (ICP-OES) is one of the 
most powerful and popular analytical techniques applied for the determination of trace 
metals. 
In the current study, ICP-OES Perkin Elmer was used for metal analysis. The 
samples were digested in a mixture of nitric acid and hydrochloric acid with a volume 
ratio of 1 :3 (Aqua Regia). The digestion was carried out in a digestive system for 45 
minutes at 200 °C. The digested samples were then diluted with distilled water to a 
required volume. The diluted samples were tested with ICP-OES f(Jr metal analysis. 
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3.5.6 X-ray photoelectron spectroscopy (XPS) 
As catalysis is a surface phenomenon, so the information regarding the surface of 
catalyst is vital in understanding the surface chemical profile of catalysts. X-ray 
photoelectron spectroscopy (XPS) is generally used to investigate the nature of 
chemical and the composition of catalysts surfaces. Furthennore, information 
pertaining to the elemental composition, oxidation states of active components, and 
their relative abundance is also obtained via XPS analysis. X -ray photoelectron 
spectroscopy (XPS) or electron spectroscopy for chemical analysis (ESCA) was first 
introduced by a Swedish physicist in 1960 and he was awarded the Nobel Prize in 1981 
for his invention. 
XPS is based on the photoelectric effect, whereby electrons from an X-ray source 
\ 0..Jl.., 
(AlKa, MgKa) Jlfo"penetrated,ih first few atomic layers (normally 2-20 atomic layers, 
depending on material) of sample, placed in Cu sample holder. In general procedure, 
photons with hv energy strike the surface atoms of the sample. This energy is absorbed 
by the surface atom which leads to eject a core or valence electron with binding energy 
Eb and Ek as kinetic energy. The binding energy of electron i~ual to the difference of 
the two sets of energy with correction factor <p. as shown by~uation 3.1. 
(3.1) 
where: 
Ek is kinetic energy of the photoelectron, his plank's constant, vis the frequency 
of excitation radiation, Eb is the binding energy of electron and <p is the work function 
of spectrometer. 
Elements are identified based on their binding energy, as each element has its 
characteristic set of binding energies [223]. Binding energies of some 






Table 3.3: Binding energies of some relevant clements/compounds 
Element/compound Peak name Binding energy Reference 
{eV) 
Cu 2pt.2 932.7 [22~L_ 
2pn 953 [224] 
Zr 3d)·2 184.6 [225] 
3ds2 182.2 [225] 
Zn 2pt' 1046 [226] 
2p1.' 1023 [226] 
Nb 3dJ.2 210 [227, 228] 
3ds2 207 [227, 228] 
In the current study. an X-ray photoelectron spectroscopy (XPS, Thermo-Fisher 
K-Alpha) was utilized tor XPS investigations. The XPS was equipped with Alk s.0urce 
with ultimate energy resolution of "S 0.5 eV. The energy of the instrument analysis 
chamber was 50 eV. while it was pressurized to 3.81 xI o-7 The samples were placed in 
the sample holder with maximum capacity of 6 samples per tray. Identification of 
chemical state and peak fitting of the resultant XPS spectra were analyzed with 
A vantage software. Similarly. background correction was carried out by using Shirley 
background corrections. The atomic composition ratio of different metals was 
calculated by using a sample relation, as depicted in the following~uation 3.2 [233, 
234]. 
N I IN2 = (II lSI )/(I2/S2J (3.2) 
where. N is the composition./ is the peak area, and Sis the sensitivity factor of the 
correspondence metal. 
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3.5. 7 Thermal gravimetric analysis 
Thermal stability is an important parameter in catalyst profile. Thermo gravimetric 
analysis (TGA) provides information of weight/mass loss of material under 
investigation as a function of degree of temperature and time. A suitable degree of 
calcination temperature of the catalyst can be identified via this technique [229]. 
TGA was carried out on Perkin Elmer (Pyris I). About 20 mg of sample was 
analyzed for TGA in an inert environment of N2 with a flow rate of 20 ml/min. The 
""""-\-
weight loss of the catalyst was evaluated witlratemperature range of 30-800 °C and 
at a heating rate of 10 °C, .v~ "' • 
. , 
3.5.8 Hz-temperature programmed reduction (Hz-TPR) 
Reduction behavior is an important tool to determine the metal support interaction 
of catalyst. Hence, H2-temperaturc programmed reduction (Hz-TPR) can be utilized to 
scrutinize the redox profile of catalysts. Besides, H2-TPR also provides information 
about the interaction of metals with underlying support. Furthermore, particularly in 
bimetallic catalysts, alloy fonnation can also be characterized via TPR investigations. 
On top of that, addition of a second metal or incorporation of promoters to the parent 
catalyst can alter the redox properties of the catalysis, which can be veri tied with TPR 
analysis [230]. 
In this study, reducibility of the catalyst was conducted by using the Hz-TPR 
technique. TPDRO (1100 MS) was used tor Hz-TPR investigations. 20 mg of catalyst 
was placed in a U~ed quartz sample tube. The sample ~as pretreated in N2 for one 
hour at 200 oc wit!Ta heating rate of I 0 °C/min. After it. cooled down, the adsorbing 
/ 
gas was switched to 5% Hz in Nz, and Hz-TPR was perfonned with 20 cm31Inin flow 
rate of gas. The Hz-TPR was studied for four hours with a temperature range of 
30-900 °C with a heating rate of I 0 °C/min. Meanwhile, a thermal conductivity detector 










3.5.9 Temperature programmed desorption (COz-TPD, NH1-TPD & NzO 
chemisorption) 
Acidic and basic properties of catalysts are vital in heterogeneous catalysis. 
Furthennorc. the nature and the strength of acidic and basic sites at the surface affect 
the catalyst activity as well as its selectivity. A number of techniques are available for 
measuring the types of acidic sites in catalysts. One of the methods is by using probe 
molecules like C02 and NH1 for characterizing basic sites and acidic. respectively. TPD 
method. being simple. reproducible and rapid, is preferred over other techniques 
applied for the same purpose. As tor the C02-TPD measurement, the sample was first 
cleaned by degassing,1it 200 °C'with inert gas. After cooling the samples were reduced 
in 5 % H2 in N2 flow at 523 K for 2 h and subsequently tlushed with pure helium 
(50 mL! min) for 30 min to remove the excess hydrogen. The reduced samples were 
subjected to C02 and NHJ at 150 °C for C02-TPD and NH1-TPD analysis, respectively. 
The temperature was again dropped to room temperature. The adsorbed molecules were 
desorbed in helium !low at 800 oc with a heating rate of 10 °C/min [ 187, 231] 
.... v 
CO,-TPD measurements were performed to calculate the basic sites, while the 
acidic sites were investigated via NHJ-TPD. In both cases, prior to analysis. the samples 
were degassed under helium t1ow at 200 °C with a heating rate of 10 °C/min. Then the 
reduced samples were subjected to pure C02 and NH1 for C02-TPD and NH1-TPD, 
respectively at 150 °C and were cooled down to room temperature in the flow of same 
gases. In the last step, two adsorbed gases were desorbed under helium gas !low at 
800 oc with 10 °C/min heating rate. 
The number of total acidic sites was evaluated from intensity of desorption peaks, 
while the number of total acidic sites divided by surface area produced the density of 
total acidic sites on the surface of catalyst [232]. The degree of temperature. at which 
ammonia is desorbed. is an indicator for strength of acidic sites in the catalysts, whereas 
concentration of acidic sites could be predicted from the intensity of desorption peak. 
Meanwhile, the metal surface area plays an important role in forecasting and in 
elucidating the perl(mnance of catalyst f(1r a particular reaction. Traditionally. metal 
surface area (MSA) of Cu is detcnnined via nitrous oxide pulse method. Carbon 
69 
monoxide and hydrogen have also been used as probe gases for determining Cu surface 
...._ ve 
area. However, these methods ~believed to be unreliable due to the 
uncertainties of the nature and the extent of different adsorption sites associated with 
adsorption of these two adsorbates. Hence, in the current work, N20 chemisorption 
c 
titration method had been utilized. 
N20 chemisorption can be summarized in three chemical steps, as portrayed in the 
v 
following ®uations 3.3-3.5: 
CuO + H2 -> Cu + H2 0 (3.3) 
In the first step,~~action (3.3) CuO is hydrogenated to Cu. The quantity of Hz 
consumption is used to calculate the concentration of Cu21 . This is a normal TPR study 
,/_ 
adopted for Cu based catalyst. In the second step, as indicated byir~ction 3.4, two 
moles of Cu are reacted with NzO to produce CuzO, while one mole of Nz is liberated 
in the process. 
(3.4) 
,r 
In the final step, Cu20 is hydrogenated to Cu, as shown in ~ction 3.5 below. 
(3.5) 




X 100 (3.6) 
Where Cl is the consumption of Hz in ~ation 3.3, whereas C2 shows the Hz 
consumption in ~ction 3.5. 
In calculating Cu surface area (Scu) and average copper particle size (dcu). a 
spherical shape of Cu particles was assumed. A chemisorption stoichiometry ratio of 
Cu:Nz0=2:1 was used with density of Cu atoms at 1.46 x 10 19 Cu atom/m2 was 
,. 
assumed. The detailed calculations a:.>fresented in Appendix C ~ction Cl). Copper 







Scu(m 2 jg) = (nCu X N)/(1.4 X 1019 X W) (3.7) 
where Sc, is the exposed copper surface ~rea per gram catalyst, W is the weight of 
the reduced catalyst, n Cu is the number of moles of copper, N is Avogadro's constant 
(6.02 x 1021 atoms mol-1). and 1.4 x 10 19 is the number of copper atoms per square 
me'ter. 
Besides. the average particle size (de,) was obtained with a conventional fonnula 
3.8 [2. 234]. 
104 
dcu(nm) = Dcu(%) (3.8) 
In the experiment, the catalyst was first reduced in a tlow of 5 vol.% Hc/Ar 
A_y 
(30 mL!min}, with" a heating rate of 10 oc/min at 500 °C for 1 hour. The reduced 
catalyst was cooled to 60 oc in He t1ow (30 mL!min), and then was purged with He for 
.--
30 min. Then. pure NoO (40ml./min) was introduced to the catalyst at 60 °C for 1 h. 
~ 
Sub~uently. the residual NcO was removed by purging the catalyst with He 
I 
(30mL!min) for 1 h. In the last step, the sample was reduced again in a flow of 5 vol.% 
_ _..J 
H2/ Ar (30 mL!min) at 500 oc with a heating rate of 10 °C/min for 1 hour [235]. 
3.5.10 Transmission electron microscopy (TEM) 
Transmission Electron Microscopy (TEM) is used to examine the morphology of a 
catalyst. In investigations concerning nanomatcrial, TEM is a very important 
characterization tool in dctcnnining the morphology and the size of nanoparticles. 
Furthcnnore, morphology, particle size, and distribution of catalyst particles on the 
support can be viewed by using this technique. 
In this study, TEM was employed for investigations of morphology and particle 
size of catalysts. A number of images for each sample were recorded at magnitudes of 
200 k magnifications. Zeiss LIBRA 200 FE TEM was utilized for TEM investigations. 
Before analysis. the samples were sonicated tl1r one hour in a solution of n-hexanc and 
the suspensions were dropped on Cu grid for analysis. 
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3.5.11 Surface area and pore size BET 
Adsorption is a surface phenomenon. The process may occur when a solid material 
is contacted with gas or liquid molecules. The surface atoms of a solid tend to adsorb 
the approaching gas or liquid (fluid) molecules in order to diminish surface tension. 
The interaction of approaching molecules can be of two different types, and hence, 
adsorption can be categorized in two forms. In case of molecules interact at the surface 
through weak van der Waals forces and there is no change in the properties of adsorbate 
and adsorbent, the phenomenon is referred as physical adsorption or physiosorption. In 
contrast, the process is termed as chemical adsorption or chemisorption if there is strong 
chemical interaction with bond formation between the two reacting species. In 
chemisorption, unlike physiosorption, both adsorbate and adsorbent lose their 
individual identity. 
As catalytic activity is related more to the surface chemistry of the catalyst, hence 
catalysts based on porous solids with higher surface area are prerequisite for achieving 
desirable activity. Structure and size of pore should be so that reactant molecules have 
easy access to the active sites within the pores of the solids and after reaction the product 
molecule produced should easily escape the pores. Adsorption desorption isotherms are 
generally studied for investigating textural properties of solids. According to IUPAC, 
adsorption isotherm relates amount of gas adsorbed as response to equilibrium pressure. 
However, isotherm is constructed as amount of gas adsorbed as a function of relative 
equilibrium pressure ( P/P0 ), if the analysis is performed below triple point [236]. Six 
types of adsorption isotherms have been identified according to IUPAC (Figure 3.3). 
Type I adsorption isotherm indicates monolayer adsorption on the surface of adsorbent. 
This kind of isothenn is exhibited by microporous solids whose pore size is almost 
equal to the molecular diameter of adsorbate. Adsorption of Oz on carbon black at 
-90 K is the example of Type 1 adsorption isotherm. Iri~e II isotherm adsorption is 
not limited to monolayer but after a slight increase in relative pressure multilayer 
formation is observed. This kind of isotherm is displayed by nonporous adsorbents with 
a wide range of pore sizes. Adsorption of nitrogen gas on silica gel at -195 °C show 
·'(we II isotherm. Type III and V illustrate weak interaction between approaching 









adsorption is taking place in vapor conditions. Meso porous materials (2-50 nm) show 
/; d . . 1 A . h /f/t'./ Vl. b d . type IV a sorpt10n 1sot 1enn. very rare 1sot enn o . ype 1s o serve tor nonporous 
' ' 
materials. 
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Figure 3.3: Types of adsorption isotherms 
Brunauer-Emmett-Teller (B.E.T.) Model is basically an extended fonn of Langmuir 
equation [23 7]. 
BET model is based on some assumptions like 
1. Adsorptions sites on adsorbent are of equal energy and placed in regular manner 
on the surface of adsorbent 
2. Adsorption takes place exclusively on these adsorption sites and is limited to 
these adsorption sites. Similarly adsorption and desorption prevail on exposed 
sites. 
3. Adsorption is continuous phenomenon. where tirst layer adsorbs on the surface 
of adsorbent while each new layer is adsorbed on subsequent layer. 
In tenns of equation the BET model is expressed by equation 3.9 
P 1 C-1(P) 
Voc(Po- P) = VmC + VmC Po (3.9) 
where, 
P shows equilibrium pressure of adsorbate, Po stands for saturation pressure of 
adsorbate, Va and Vm are the total and monolayer adsorbent gas quantity, respectively. 
·"' The constant Cis given bl(~rrelation 3.10 
qi--' ql ) 





qi r9Presents the heat of adsorption of first layer on adsorbent, ql shows latent heat 
of condensation, R is gas constant and T is the absolute temperature. 
A plot between C P l and (.!:..._) gives a straight line with - 1- is the intercept and 
V<X P0 -P Po VmC 
c-1 is the slope of the plot. 
VmC 
Finally surface area of the sample 
6 
monolayer by following~uation 3.11. 
2 




IS determined after calculating volume of 
(3.11) 
(}'is the area per molecule, M is the molecular weight, NA is Avogadro's number 
and p is the density of liquid adsorbate. 
Pore size distribution was determined by using Barret-Joyner-Halenda (BJH) 






Vads(xk) is volume ofliquid adsorbate in cm1/g at relative pressure, V denotes pore 
volume in cm1/g, S represents surface area in cm2/g, tis the thickness of adsorbed layer 
and r is the pore radius. 
Prior to BET studies, the sample is degassed in order to eradicate any physically 
adsorbed materials like different contaminants and humidity. The degassing is generally 
carried out at a lower temperature to avoid degradation of materials. However, in some 
cases of highly thermally stable materials, it is conducted at higher temperature. It is, 
therefore, recommended to carry out TGA of the materials before BET analysis is 
perfonned. This technique encompasses surface area, surface porosity, and particle 
size, giving important information regarding surface characteristics of materials. 
In the current study, Micromeritics, ASAP 2020 was used for surface 
investigations. Typically. 0.1 gram of sample was taken in quartz sample tube. The 
sample was degassed with N2 flow to remove moisture and other impurities. The 
process was conducted at -196 °C. which is liquefaction temperature of nitrogen. The 
sample tube was refilled with N2 and was weighed again to determine the actual sample 
mass before analysis. The surface area of material was evaluated by BET equation, 
while the pore size distribution was calculated via Barrctt-Joyner-Halenda (BJH) 
method. 
3.6 Reactor System 
The activity of the catalysts was tested in slurry reactor. The details of the reactor 
systems are given as follows. 
3.6.1 Gas supply 
A mixture of H" and CO" with a volume ratio of 3: I was used as reacting gas. Prior 
to reaction study, the reactor was purged with the reactant gases at room temperature. 
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The pressure of the reactant gases was controlled by using two pressure regulators. The 
reactant gases were then transferred to reactor with stainless steel tubing. 
3.6.2 Slurry Reactor 
The activity of catalysts m C02 hydrogenation to methanol was evaluated in 
autoclave slurry reactor (Parr 4593 with a regulator Parr 4848). The schematic diagram 
of reactor is displayed in Figure 3.4 while the reactor setup is shown by Fi!,'Ure 3.5. The 
detailed specifications of reactor are given in Appendix B Yection B 1 ). A mixture of 
reactant gases (C02 & H2) in fixed volume ratio (I :3) was injected by using feed gas 
cylinder into the reaction cell, which contained catalyst samples suspended in ethanol 
solvent. Furthermore, the reactor cell was also equipped with a stirrer and a temperature 
probe to monitor the temperature during reaction. The reaction cell was wrapped by an 
electrical furnace that warcapable of heating up to 500 °C. The reaction operating 
temperature and pressure were maintained by a temperature sensor and a pressure 
gauge, respectively. The reaction parameters were adjusted by a reactor controller, 
while the slurry reactor was provided with two outlets each one for obtaining gas and 
liquid samples. The reaction data were recorded in an attached computer. 
In addition, a required amount of pre-reduced solid catalysts was suspended in 
ethanol. A screening study of catalysts with different concentrations of metals and 
promoters had been carried out at fixed 180 °C and 30 bar reaction temperature and 
















l: Feed gas 
2: Liquid sampling valve 
3: Stirrer 
4: Pressure gauge 
5: Temperature sensor 
6: Gas sampling valve 
7: Heater 













Figure 3.4: Schematic diagram of reactor 
Figure 3.5: Slurry reactor setup 
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3.6.3 Gas chromatography 
The reaction products were analyzed vfa' gas chromatography (Figure 3.6). Gaseous 
components of reaction were evaluated via gas chromatography thermal conductivity 
detector (GC-TCD), while liquid samples were analyzed with gas chromatography 
flame ionization detector (GC-FID). Prior to analysis, GC was calibrated with standard 
concentrations of C02 and H2 gases. Their GC peaks were identified in terms of their 
retention time, while the intensity of GC peaks reflected their relative concentrations. 
Similarly, the system was also calibrated with methanol and ethanol concentrations for 
methanol evaluation. Details ofGC column specifications are given in Table 3.4. 
3.6.3.1 Details ofGC system 
Gas chromatography was used for quantification of gas and liquid products. Liquid 
products were analyzed by flame ionization detector (FID) back detector. Similarly, gas 
products were evaluated by thennal conductivity detector (TCD) front detector. The 
GC analysis was conducted for 20 minutes time. 
a) Analysis of gas samples 
The sampling valve was turned on for half minutes to pass the product gases through 
column and TCD (front) detector was used for identification and quantifications of gas 
molecules. 
b) Analysis of liquid samples 
Liquid samples were injected by liquid sampling valve. The valve was turned on 
for 0.01 minute to avoid entrance of any air. Liquid components were analyzed by FID 
(back) detector. 
c) Calibration of GC 
GC was calibrated by standard gas and liquid components provided by Refinery 
Gas Analysis (RGA). The standard gases were used to identify the retention time and 







presented in Appendix 8 (Figures 81 and 82), respectively. The retention time of 
different components are given in Appendix 8 (Table 82). 
Table 3.4: Specification ofGC columns (supplied by J&W Scientitlc) 
Column Model Dimension Temp. Flow 
limit 
Length I.D Film (mil min) 
(m) " (!lm) (!liD) (OC) 
DB-1 125-1034 30 530 3.0 280 5.0 
HP-Plot U 19095P-U04 30 530 20 190 3.0 
HP-Mo!Siv 19095P-MS9 15 530 50 300 3.0 
Figure 3.6: Gas Chromatot,>raphy sampling valve diagram 
79 
3.6.4 Blank run 
CNFs without metal loadings were tested tor any possible contribution to C02 
hydrogenation to methanol. The CNFs suspended in 25 ml ethanol were placed in a 
reactor and reactant gases were injected at 180 °C and 30 bar reaction temperature and 
pressure, respectively. No other product than C02 and H2 were found in GC analysis. 
3.6.5 Catalyst activation 
....z__+-
In order to convert Cu2+ to metallic Cu, the catalysts were activated in H2 .wjth 'a 
flow rate of 2000 cm3/h at 380 °C. The reduction process was continued for 6 hours. 
TPDRO (1100 MS) was used for activation of catalyst. Briefly, 0.5 gram of calcined 
catalyst was placed in aU-shaped quartz sample. The catalyst was held tor 6 hours in 
H2 with a flow rate of 2000 cm3/h at 380 °C. The reduced catalyst was collected in a 
small vial and was placed in the reactor cell containing 25 ml of ethanol [ 191, 238-241]. 
The activation of catalyst was confirmed by using XPS analysis. As shown in Figure 
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Figure 3.7: XPS Central level Cu 2pJ/2of(a) calcined and (b) reduced catalyst 
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The principal Cu 2p,, peak around 934 eV:;vas licharacteristic ofCu2~, which was 
associated with satellite peak due to electron shake~ up processes. When the sample was 
reduced by the above mentioned procedure, the satellite peak completely disappeared 
and the core electron peak wa> shifted to lower binding energy region. The 
disappearance of satellite peak and the subsequent shifting of core electron peak clearly 
indicated the reduction ofCuO [242]. This verified the successful ex-situ reduction of 
catalyst prior to activity studies. 
3.6.6 Catalyst testing 
A 0.5 !,'fams of activated catalyst was placed in a reactor vessel containing 25 ml of 
ethanol. The study was conducted in a batch reactor. The reactor was purged with 
reactant gases at room temperature before methanol synthesis reaction was carried out. 
The reactor was pressurized to 30 bar with a mixture of C02 and H2 at a (v/v) ratio of 
I :3. The reaction temperature was raised to 180 °C. The reaction mixture was agitated 
with a stirrer and a speed of 1300 rpm was selected to avoid mass diffusion constrains 
[200. 243l Besides. the reactor was run in batch mode and the reaction was continued 
for 2 hours. while the products were analyzed via gas chromatography. GC 
chromatogram is displayed in Appendix B (Figure B3). 
;(/ 
Rate of methanol synthesis was calculated as displayed by ~quation 3.13 [244]. 
Rate of methanol yield = g of methanol produced/Kg of catalyst x h (3.13) 
; ~ 
Tumover frequency \vas calculated by furrnula 3.14 [89. 245]. 
TOF 
_1 Number of molecules of" methanol produced A.Na (s ) = = (3.14) 
MeOH Time (s).number of mettalic copper atoms 3600.Scu·Na 
~ ( 
where, A represents methanol activity in mol/h g. Na is Avogadro' number 
(6.023x 1 on), Sc, denotes metallic copper surface area in m2/g and Na designates 
number of Cu atoms in a monolayer (Na ~ 1.469x 10 19 atoms/m2). 
XI 
Methanol selectivity was calculated as follows ;;;iation 3.1 5) 
'-'·. .. i 
"'v-. ,• [moles of methanol produced] 
Meth. selectivity= 
1 1 
f d x 100 
· tota mo es o pro ucts 
--·r 




C02 . - C02 ] 
% C02 conversion= '~02 in out X 100 (3.16) 
3.6. 7 Kinetics study 
A kinetics study of C02 hydrogenation to methanol was performed at 220 °C and 
40 bar reaction temperature and pressure, respectively. A 0.5 gram of catalyst was 
suspended in 25 ml of ethanol and was placed in a reactor vessel. Mass transfer 
limitations were avoided by carrying out the reaction at 1300 rpm [200, 243]. The 
samples were analyzed with different intervals of time (20 minutes each) for C02 
conversion and methanol synthesis. 
3.6.8 Kinetics Modeling 
Artificial neuron network (ANN) was used as a kinetics model for the C02 
hydrogenation to methanol. The model was tested with four different reactor 
parameters, namely reaction temperature, pressure, time, and feed gas composition 
(Figure 3.7). The model was trained with the rate of reaction as a target value. Besides, 
back propagation method was employed for the predicted target values. 












In addition, f()ur different training algorithms, namely train 1m, trainbr. traingda, and 
trainscg were used in the MATLAB plattonn to train and test the ANN model for 
methanol synthesis via C02 hydrogenation. Different numbers of hidden layer neurons 
were selected, and I 0 hidden layer neurons showed the best ANN structure tor 
estimating the training data in the current case. 
' 
3. 7 Variation of reaction parameters 
Methanol synthesis via C02 hydrogenation was first optimized in terms of reaction 
temperature. Ilence. a range of reaction temperatures; 180. 200. 220. and 240 °C. had 
been selected at constant reaction pressure of 30 bar. After an optimized degree of 
reaction temperature was identified. methanol synthesis had been tested at different 
reaction pressures of 20. 30, 40, and 50 bar at a constant reaction temperature of 
220 oc_ Similarly. the effect offeed gas ratio was also studied by carrying out methanol 
synthesis at different H2/C02 ratios of 0.8. 1.5. and 3 at 220 oc and 30 bar reaction 











RESULTS AND DISCUSSIONS 
4.1 Functionalization of carbon nanofibers 
Effects of oxidation of carbon nanofibcrs (CNFs) were investigated by usmg 
ditTerent characterization techniques. as discussed below. 
4.1.1 X-ray diffraction study 
X-ray diffraction patterns of as-received and modi tied CNFs are displayed in Figure 
4.1. Both spectra showed diffraction bands at 2 0 = 26" and 2 0 = 43" corresponding to 
(002) and ( 100) of planes CNFs, respectively [87, 246]. 
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Figure 4.1: XRD spectra of (a) as-received and (b) modified CNFs 
The intensity of 002 diffraction peak for modified CNFs was greater compared to 
the corresponding peak of as-received CNFs. This indicated that oxidation of CNFs 
improved the degree of graphitization of CNFs. Such observations were also reported 
by Ovejero et al. for HN01 treated carbon nanotubes [247]. 
4.1.2 Textural properties 
Nitrogen adsorption desorption studies were conducted to analyze the influence of 
acid treatment on the textural profile ofCNFs. Magnitudes of surface area, pore volume, 
and pore diameter are depicted in Table 4.1. 
Table 4.1: Textural properties ofCNFs 
CNFs Surface area Pore volume Pore diameter 
(m'/g) (cm3/g) (nm) 
As-received 112 0.20 6.4 
Treated !52 0.38 7.6 
As evident from the tabulated data, the as-received CNFs had surface area of 112 
m'lg with 0.20 cm3/g of pore volume, and pore diameter of 6.4 nm. Besides, oxidation 
of CNFs resulted in enlargement of surface area by 36 %. Similarly, pore volume and 
pore size diameter were also increased. The improvement of surface area with respect 
to HN01 treatment might be due to the creation of additional surface defects. 
4.1.3 Thermo gravimetric analysis 
Thermo gravimetric analysis (TGA) was performed to investigate the effect of 
oxidation on thermal stability of CNFs. TGA and DIG profiles of as-received and 
modified CNFs are presented in Figure 4.2. The first weight loss was observed in a 
temperature range of 40-120 °C. This was attributed to evaporation of water molecules 
from the surface of CNFs. Meanwhile, the as-received CNFs showed greater thennal 
stability before their sharp decrease in weight loss at 600 °C. This rapid weight loss was 
due to decomposition of CNFs. A total of 6 %weight loss was observed until 800 °C, 
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which suggested high thermal stability of as-received CNFs. After oxidation. the 
position of TGA curve for oxidized CNFs on temperature scale remained almost 
unchanged. This indicated that thennal stability of CNFs was not much affected. 
However, two additional peaks were observed above 500 oc in derivative of modi lied 
CNFs. This minor weight loss was assigned to the decarboxylation and the removal of 
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4.1.4 Raman spectroscopy 
Raman spectra for as-received and treated CNFs are displayed in Figure 4.3. Two 
prominent peaks were observed in both cases. Raman peak around 1365 cm· 1 was 
ascribed to the defect-induced Raman band, generally called as D-band. It involved 
phonons near the K Brillouin zone boundary, which possessed a characteristic of 
disordemess in carbon materials. Similarly, another prominent peak was observed at 
1600 cm- 1, which was assigned to tangential mode (G-band), representing the ordered 
graphite of CNFs. This Raman feature originated from the stretching vibrations of C-C 
bond in sp2 hybridized graphitic materials. More importantly, these two characteristic 
peaks were also observed when as-received CNFs were oxidized. This suggested that 
HN03 treatment did not damage the surface of CNFs [248]. Nevertheless, after 
ti.mctionalization with nitric acid, G-band has slightly shifted upfield for -4-5 cm·1, as 
compared to that of the as received CNFs (Table 4.2). This slight shift indicated the 
presence of functional groups on the surface of the CNFs [129, 249]. The D toG-band 
intensity ratio (ID/10) was calculated in order to gauge the defects on the surface of 
CNFs. As evident from the tabulated data, the lD/lG ratio was slightly increased with 
HNOJ treatment for as-received CNFs. This is in accordance with the literature [248]. 
Furthermore, the increase in !D/IG intensity ratio suggested the introduction of some 
chemical groups that could be interpreted as defects on the surface of modified CNFs. 
Table 4.2: Raman data of as-received and modified CNFs 
Sample D-band wavelength G- band ln/IG 
(cm-1) wavelength (cm- 1) 
As-received 1364 1601 1.15 
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Figure 4.3: Raman spectra of(a) as-received and (b) modi tied CNFs 
4.1.5 XPS survey 
XPS spectroscopy was employed to investigate the effect of nitric acid treatment 
on the surface of CNFs. XPS Peak spectra of as-synthesized and modified CNFs are 
displayed in Fit,>urc 4.4. The only peak observed at 284.6 eV in XPS spectra tor as-
received CNFs. was a typical graphitized carbon peak. However, this typical 
graphitized carbon peak in modi tied CN Fs was accompanied by a long tail in the higher 
binding energies region. ln order to rationalize the surface chemistry during the acid 
treatment, Cls XPS Peak of modified CNFs was dcconvolated into three major peaks. 
The new peaks were observed at 286.3 and 287.3 eV. indicating the existence of 
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Figure 4.4: Raman spectra of(a) as-received and (b) modified CNFs 
4.1.6 Functional groups identifications 
FT-IR profiles for both as-received and modified CNFs arc depicted in Figure 4.5. 
Two major peaks were observed in FT -IR profile for as-received CNFs. The absorption 
band at 1642 cm- 1 was assigned to C=C domains ofCNFs, while a broad FT-IR peak 
at 3440 cm- 1 was ascribed to absorbed water. However, after oxidation, a number of 
additional absorption bands were found in wave length range of 1500-1000 cm-1• The 
additional peaks were denoted as peak a, peak p, peak y, and peak 8. Meanwhile, the 
absorption band at 1550 cm-1 (peak a) was assigned to carboxylate functional group. 
Similarly, the presence of hydroxyl functional groups was confirmed by a sharp 
absorption peak at 1415 cm- 1 (peak Pl [251]., whereas a small absorption band at 1312 
cm-1 (peak y) represented the incorporation of alcoholic group (C-OH) in modified 
CNFs [252]. Furthcnnore, two small absorption bands at 1081 and 1121 cm- 1 (peak 8) 
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Figure 4.5: FT -lR profile of (a) as-received and (b) modified CNFs 
4.1. 7 Conclusions 
Various characterization techniques revealed that the current applied method for 
functionalization of CNFs successfully introduced different functional groups ( -OH. 
CO, C-O.) on the surface of CNFs. The main findings are summarized as 
r BET results revealed larger surface area due to creation of surface 
defects as a consequent of oxidation. 
r TGA showed additional weight loss for elimination of oxygenated 
functional groups by modified CNFs. ·-., -. '~ 
. \<..~ 
'\...' i' 
r Raman spectroscopy showed greater IDIIG ratio for modified CNFs. 
This is an indicator of functional groups creation at the surface ofCNFs. 
r XPS and FT-lR studies confirmed the incorporation of functional groups 
on the surface of CNFs. 
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4.2 Effect of Cu loadings 
Effects of Cu loadings on the physicochemical properties and the activity pattern of 
parent catalyst were investigated. The results are briefly discussed as depicted in the 
following. 
4.2.1 Effect of Cu loading on physicochemical properties 
In order to investigate the influence of Cu loading on the physiochemical properties 
of prepared catalysts, catalysts with various amounts ofCu loadings were characterized 
by different techniques. These are briefly discussed in the following. 
4.2.1.1 Quantification ()/catalysts components 
Cu and Zr02 loadings were quantified via ICP-OES and the data are presented in 
Table 4.3 (the calculation is shown in Appendix A ~\ection A2). As evident from the 
tabulated data, the magnitudes of both bulk Cu, as well as Zr02 measured by lCP, were 
in very close agreement to the targeted values. This showed that the majority of active 
catalyst components (Cu & Zr02) were successfully deposited on the catalyst support. 
This in tum also supported the efficiency of DP method for synthesis of catalysts with 
higher loadings of active metals. 
Table 4.3: ICP results of CZC catalysts with different Cu content 
Sample Target Cu Cu (%)by Target ZrOz ZrOz (%)by 
(%) ICP (%) lCP 
CZC5 5 4.54 10 9.51 
CZCIO 10 11.50 10 I 0.18 
CZC15 15 14.39 10 9.29 
CZC20 20 19.24 10 9.24 










-1.2. /. 2 Bulk phase analysis 
Figure 4.6 displays the XRD patterns of calcined CNFs-0 based Cu/Zr02 catalysts 
with different Cu loadings. For comparison, the ditTraction pattern of bare CNFs-0 
was also included. Two prominent peaks were detected on 28 scale at 26° and 44° with 
d spacing of 3.36 and 2.06. respectively. This indicated the diffractions of (002) and 
( l 00) planes of graphitic carbon nanofibers [87, 246. 254). Likewise, a small diffraction 
peak visualized at 28 = 30.3° was indexed as zirconia (t-Zr02, JCPDS 88-l 007), 
whereas a small XRD peak at 28 = 24.4° was recognized as monoclinic zirconia (m-
Zr02)[255 j. The XRD patterns at 32.6°, 35 5°, 38 7°, 48 8°. 583°, 61.67°, 664°, 681". 
72 3°. and 75.1° were found to be indexed as monoclinic-phased tenorite CuO with 
JCPDS card files No 48-1548 (a= 4.62 A, b = 3.43 A. and c = 5.06 A) 
.::· ·; 
c: .. -c: 
+ 
20 30 :;; I) 611 
20 ID.:gr.:.:l 





Figure 4.6 XRD pattern of(a) CNFs-0, (b) CZC5, (c) CZCIO, (d) CZC15, 
(e) CZC20 and (f) CZC25 catalysts 
These peaks were intensified when Cu loading was increased from 5 to I 0 wt.%. 
This implied that the degree of CuO crystallization was enhanced by increasing the 
content of Cu Another interesting observation was the intensification of t-Zr02 with 
the increase ofCu loadings On the other hand. reflection ofm-Zr02 observed in CZC5 
catalyst disappeared in CZC l 0 catalysts. This disappearance ofm-ZrOz and subsequent 
increment of t-ZrOz indicated that polymorphic transformation of zirconia had been 
facilitated by increased Cu content. In contrast, on further Cu increment (10-15 wt.%) 
the intensity of t-ZrOz peak was weakened and the reflection of m-ZrOz re-emerged. 
This lowering intensity of t-ZrOz peak and subsequent re-appearance of m-ZrOz 
suggested the back transformation oft-ZrOz to m-ZrOz form. Furthermore, the degree 
of CuO crystallization increased when Cu content exceeded 15 wt.%, while both 
zirconia phases almost disappeared. This could be due to stabilization of zirconia by 
Cu, as previously reported in the literature [256]. Similar observations were also 
reported by Ko et al. for Cu/ZrOz catalyst with increasing Cu content [256]. However, 
the intensity of CuO peak was reduced for CZC catalyst with maximum Cu content. 
More importantly, the CuO peak was slightly broadened with the increase of Cu from 
5-10 wt.%, nevertheless, the peak width was progressively narrowed down as a function 
of increasing Cu loadings. This behavior of CuO, as a consequent of Cu loadings 
advocated agglomeration of CuO, which is in line with the literature [257]. Based on 
these observations, increase in Cu loadings promoted agglomeration ofCuO. This trend 
was found satisfactory for all catalysts with exception of CZC 10 catalyst, where 
agglomeration was depressed as compared to CZC catalyst with lower Cu content. 
''-:.·)..,. 
. J 
-1.2.1.3 FT-IR investigations 
Structural elucidation and confirmation of different functional groups in CZC 
catalysts were carried out via FT-IR analysis. FT-IR spectra of CZC catalysts with 
different Cu loadings are depicted in Figure 4. 7. An absorption band for Cu-0 was 
observed at 600 cm-1 [258, 259]. Similarly, a small absorption band at 750 cm-1 reflected 
the characteristic band of Zr-0 bonds [260]. Meanwhile, a sharp FT-IR band at 1600 
cm-1 was ascribed to C=C domain ofCNFs [261]. All characteristic bonds observed in 
the FT-IR study confirmed the structure elucidation of CZC catalysts. Besides, 
incorporation of increasing Cu content revealed a progressive intensification FT -IR 
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Figure 4.7: FT-lR spectra of(a) CZC5. (b) CZClO. (c) CZC15, (d) CZC20 
and (e) CZC25 catalysts 
4.2.1.4 DRS UV- Visible studv 
The diffuse reflectance of UV spectra for catalyst with different Cu loadings are 
shown in Figure 4.8. For each catalyst, a broad absorption valley was observed. UV 
absorption started trom 210 nm and continued through the entire Ultraviolet range with 
a shoulder at 270 nm and a sharp peak at 350 nm. The absorption band between 210-
270 nm was due to ligand-to-metal charge-transfer transition of02----+ Cu2+, indicating 
the occurrence of Cu at isolated sites on the surface of support [262]. Similarly the 
absorption band at 350 nm was a clear manifestation of (Cu-0-Cuf' cluster fonnation. 
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Figure 4.8: DRS UV spectra of(a) CZC5, (b) CZClO, (c) CZC15, (d) CZC20 
and (e) CZC25 catalysts 
A DRS-visible spectra ofCZC catalysts with different Cu loadings are presented in 
Figure 4.9. A long and no ending absorption profile was observed in the entire visible 
region of the studied catalysts. This is because; CNFs possessed the property of 
absorbing visible radiations. In addition, Xie et aL studied DRS-visible spectrum of 
carbon nanotubes and recorded similar observations [263]. 
W avelenght (nm) 
Figure 4.9: DRS Visible spectra of a) CZC5, (b) CZCIO, (c) CZC15, (d) CZC20 













Apart from that, two more absorption shoulders were observed in the current study. An 
adsorption peak centered at 540 nm with energy band gap of 2.3 eV suggested the 
presence oftetragonal form ofZrOo. Similarly, the abserption band around 720 nm with 
energy band gap of 1. 74 eV was assigned to 2Eg---> 2T2g transitions ofCu2-, indicating 
' 
octahedral symmetry of Cu. Moreover, this absorption band was also attributed to the 
crystalline and the hulk phase copper [262]. 
4.2.1.5 Morphologv investigations 
TEM images of CZC catalysts with different Zr02 loadings arc shown in Figure 
4.1 0. Dark black spherical shaped particles were identified as copper particles. whereas 
tetragonal shaped light colored particles were recognized as zirconia particles [264-
267]. The identification of particles was also supported by XRD findings, whereby 
spherical and tetragonal shaped structures were found for copper and zirconia particles, 
respectively. Besides, TEM investigations revealed well-dispersed particles for both Cu 
and Zr02• Furthermore, a unifonn particle distribution was observed for catalysts with 
lower loading of Cu and most of the CNFs surface laid hare. indicating a higher 
potential of catalyst support for anchoring catalysts particles. This uniformity and 
dispersion of catalysts components had been persisted with further Cu loadings, while 
an optimum dispersion was observed in the case of CZC15 catalysts. However, both 
dispersion and particle size were adversely effected with the excess of Cu loadings. 
This was manifested by densely populated and poorly dispersed catalysts particles with 
further increase in Cu content. 
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Table 4.4: Average particle size of catalysts components with variant Cu content 
Catalysts Copper average particle size Zirconia average particle size 
CZC5 2 3 
CZC10 3 5 
CZC15 5 7 
CZC20 8 10 
CZC25 10 13 
Figure 4.10: TEM images of(a) CZC5, (b) CZC10, (c) CZC15, (d) CZC20 











The average particle size of both catalysts components in catalysts with various Cu 
contents is documented in Table 4.4. As evident from the tabulated data, the average 
particle size of both Cu and Zr02 experienced c;ome variations with respect to Cu 
loadings. In the beginning, Cu average particle size almost remained the same for the 
first three variations in Cu contents. However, the average particle size increased with 
further addition of Cu. Similar observations were also recorded f(Jr Zr02 average 
particle size. Besides, these results were in very good agreement with the XRD 
investigations. 
4.:!.1. 6 Textural properties 
Nitrogen adsorption desorption isotherms of CZC catalyst with different Cu 
contents are displayed in Figure 4.11, while the image for pore size distribution is 
presented in Figure 4.12. Similarly, BET surface area and pore size volume are 
documented in Table 4.5. Each catalyst showed typicar(ypc-lV isothenns with H4 type 
' 
hysteresis loops having sharp inflection between p/po ranges of 0.83-0.96. This 
revealed mesoporous nature of catalyst support. 
Table 4.5: Copper metal and catalysts surface area ofCZC catalysts with 
different Cu loadings 
Sample BET surface area Total pore volume Average pore diameter 
(m2/g) (cm3/g) (nm) 
czcs 109 0.29 10.7 
CZC10 123 0.32 10.4 
CZC15 133 0.36 10.8 
CZC20 92 0.29 12.9 
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Figure 4.11: N2 adsorption-desorption isothenns of (a) CZC5, (b) CZC1 0, (c) CZC 15, 
(d) CZC20 and (c) CZC25 catalysts 
Both BET surface areas, as well as pore volume, increased with the increase of 
Cu loading from 5 to 15 wt.%. The enlargement of surface area with the increase of 
Cu content was also observed by Grift eta!. [172]. However, both BET surface areas 
and pore volume reduced progressively with further Cu loadings and had the lowest 
values of88 m2/g and 0.27 cm3/g, respectively with maximum Cu content. The decline 
in surface area and pore volume indicated a partial blockage of the support pores at 
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increasing Cu content could also be due to copper agglomeration at Cu content > 15 
wt.% [257]. 
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Figure 4. 12: Pore size distribution of (a) CZC5, (b) CZC I 0, (c) CZC 15, (d) CZC20 
and (c) CZC25 catalysts 
This conclusion was tiuihcr manifested by XRD results. Contrary to the BET 
surface area. the average pore diameter t,>Tadually decreased with the increase of Cu 
loadings and increased when Cu content > 15 wt. %. Nevertheless. position of 
hysteresis loop on p/p" scale is not affected. indicating that average pore diameter was 
not a fleeted and tcmains almost constant throughout the concentration range of copper 
content as evident from Figure 4.12. 
I 0 I 
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4.2.1. 7 Surface area and dispersion of' copper 
The surface area of metallic copper (Sc,), Cu dispersion (Dcu), average particle size 
(dcu), and relative distribution of metallic copper (Rcu) measured via NzO 
chemisorption are presented in Table 4.6. As evident from the tabulated data, the 
increase in Cu content had a marked influence on the surface properties of Cu. Besides, 
the copper surface area progressively increased with incorporation ofCu content in the 
parent catalyst and an optimum Scu was obtained for CZC15 catalyst. However, the 
metallic surface area was depressed with further rise in concentration of Cu content. 
These observations clearly suggested agglomeration of CuO at Cu content 2:15 wt.%. 
This was also supported by TEM and XRD results of the respective catalysts. Such a 
correlation between Cu concentration and Sn, was also reported elsewhere [235]. On 
the other hand, Dcu initially decreased, and then, increased with the increase in Cu 
loading from 5-10 wt.% and I 0-15 wt.%, respectively. Generally, a linear relationship 
is observed for surface area and dispersion of copper. In the current case, the correlation 
remained in line with exception of CZC5 catalyst, whereby low Cu surface area was 
witnessed despite of higher Cu dispersion. This could be due to the higher interaction 
between Cu and ZrOz components. More recently, similar observations were also 
recorded by Freitas et a!. for Cu/Zr02 catalyst with varying Cu content [257]. 
In contrast, the magnitude of dcu showed an opposite trend with corresponding 
catalysts. This had been quite obvious as smaller particles exhibited higher dispersion 
and vice versa. The growth in particle size and the concomitant decline in dispersion 









Table 4.6: NcO chemisorption data ofCZC catalysts with different Cu content 
Sample Scu (m2/g) Dcu (%) de, (nm) Rcu 
CZC5 5.7 17.7 5.9 1.0 
CZCIO 9.8 13.25 7.8 0.8 
CZCI5 13.1 16.0 6.5 0.6 
CZC20 12.3 11.0 9.5 0.6 
CZC25 11.0 8.5 12.2 0.5 
These results were further justified by TEM investigations. Similarly, distribution 
of metallic Cu (Rc,) was affected by Cu content in the parent catalyst. In addition, value 
of unity was observed for catalyst with the lowest Cu concentration and it gradually 
decreased with the increase ofCu content. This implied that Cu was partially embedded 
in the Zr02 phase and the process continued until the lowest Rc, value was recorded tor 
catalysts with maximum Cu loadings. Besides, it could be further inferred that 
increasing Cu content and subsequent embedding provided less exposed Cu surface and 
more Cu-ZrO' interfacial surface area. Furthennorc. due to large interfacial surface 
area, this feature also revealed better Cu-ZrO' interactions as a function of increasing 
Cu content. 
4.2.1.1\ Reducibility studies 
H2-TPR analysis was conducted in order to identify and quantify Cu species in the 
catalysts. H2-TPR profile ofCu loaded catalysts is given in Figure 4.13, while total H2-
uptake. extent of reduction (~bCu), position and distribution of reduction peaks, as 
well as relative abundance of dispersed copper arc listed in Table 4.7. 
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Figure 4.13: TPR profile of(a) CZC5, (b) CZClO, (c) CZC15, (d) CZC20 
and (e) CZC25 catalysts 
Two reduction peaks were observed in the TPR profile of CZC catalysts, which 
had been consistently reported for Cu!ZrOz system. The reduction peak at lower 
temperature range of 250-280 °C (peak a) was ascribed to dispersed copper, while the 
reduction peak observed in temperature range of 350-500 °C (peak ~)was due to bulk 
phase copper. Furthermore, the presence of two reduction peaks had also been reported 
and attributed to stepwise reduction of Cu (Cu2 '-+Cu+-+Cu) [268]. Likewise, lower 
reduction peak indicated stronger interaction between Cu and ZrOz, while the reduction 
peak at higher temperature was designated to weaker interaction between the two 
interacting metal oxides. In the current study, both reduction peaks were slightly shifted 
to relatively lower temperature by increasing Cu loading up to 15 wt.% (Table 4. 7). The 
trend of reduction peaks shifting to lower temperature with increasing Cu content was 
due to the fonnation of dimeric Cu-species [269]. Moreover, shifting of reduction peaks 
with respect to increasing Cu loading clearly showed that Cu reduction was facilitated 
by promotion of Cu content. On the other hand, reduction maxima of both peaks were 
shifted to higher temperature when Cu content exceeded above 15 wt.%. This in tum, 
indicated diminishing interaction between Cu and Zr02 as a consequent of increasing 







Table 4. 7: TPR results of CZC catalysts with qitTerent Cu loadings 
Sample Total H2/Cu Red...,,,.~,-,· H2 • A 1u1/ (A 1"1 + A 1~1) 
H2 temperature consumed (%) 
consumed 
(~tmoles/g) ("C) (~tmolcs/g) 
Peak Peak Peak Peak 
(l p (l p 
CZC5 709 0.90 268 385 503 205 71 
CZCIO 1752 I. I I 254 333 1260 491 72 
CZCI5 2145 0.90 258 337 1455 689 68 
CZC20 2715 0.86 256 474 1038 1676 38 
CZC25 3162 0.80 283 400 734 I 2427 23 
*Fraction of dispersed Cu 
·, ,, ' 
Obviously, the magnitude of total H2-uptakc was-incrsas~B by increasing Cu 
content. However, the extent of Cu reduction (H2/Cu) is an important parameter to 
assess the fraction of reducible fonn of CuO in such cases. Besides, H2/Cu ratio was 
calculated for each catalyst, assuming that Cu was present as CuO in each catalyst and 
completely reduced to Cu. In addition. based on stoichiometry of CuO reduction 
"""""'"-tw.. '"-. .J...,. 
(CuD + H2 --> Cu + H2 0), a value of H2/Cu ncar I would mean that Cu is -tmtirely- v 
present in Cu2- state and had been completely reduced to Cu, while H,!Cu ratio near 
0.5 would show that Cu+ is the dominant state of Cu or it is not completely reduced. 
Although no proper trend in the extent of Cu reduction was observed in the study, the 
H2/Cu ratio was improved from 0.92 to 1.11 by increasing the Cu content from 5 to 10 
wt.%. Meanwhile. in the Cu/Zr02 system, it had been reported that some quantity of 
Cu21 was incorporated in Zr41 lattices. which was dit1icult to be reduced [256]. In this 
regard, improvement ofCu reduction can be justified with the increment ofCu fraction 
outside these lattices by increasing Cu content trom 5 to 10 wt. %. Approximately, 
100% Cu reduction was obtained for catalysts up to 15 wt.% Cu loading, which not 
only confinned our assumption in calculating the extent of Cu reduction. but it also 
revealed that Cu2- was completely reduced to Cu instead ot"Cu 1•• Similar observations 
were also recorded by Lo"pez-Sua·rcz ct al. in Cu/Alz01 catalyst [270] .. Nevertheless. 
105 
H2/Cu ratio was declined when Cu exceeded beyond 15 wt.%. The decline in H2/Cu 
ratio clearly indicated the agglomeration of copper. 
Furthermore, the distribution of reducible copper was also affected by Cu 
promotion in the parent catalyst. Peak a remained the major reduction peak in H2-TPR 
profile of catalysts with Cu loading up to 15 wt.%. Nevertheless, the intensity of Peak 
a was reduced, and consequently, peak p was enhanced as the Cu content was increased 
beyond IS wt.%. This indicated that Cu experiences phase transformation from Cu2- to 
Cu + by further increasing Cu loading. Likewise, the relative contribution of highly 
dispersed CuO also remained constant until CZC15 catalysts. However, it was a 
remarkable decrease with the excess ofCu contents. This is in accordance with the N20 
chemisorption results. 
4.2.1.9 Metal-metal interaction and surface analysis 
XPS spectra of Cu 2p of CZC catalysts with different Cu contents are depicted in 
Figure 4.14. Each catalyst exhibited Cu 2p3!2 parental peak at 934.4 eV, accompanied 
by a broad satellite peak around 943 eV, and another parental peak for Cu 2pu2 at 954 
eV associated with a shake-up peak at around 962 eV. The occurrence of satellite peaks 
in concomitant to the parental peaks confirmed that Cu predominantly existed as Cu2-
in all calcined samples. More importantly, Cu 2p3;2 was observed at 934.4 eV for each 
sample, which suggested the highly dispersed state of copper whereas it is generally 
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Figure 4.14: XPS Cu2p profile of(a) CZC5, (h) CZCIO, (c) CZCI5. (d) CZC20 and 
(e) CZC25 catalysts 
Similarly, XPS spectra ofZr 3d is shown in Figure 4. I 5. Two prominent XPS peaks 
were identified as Zr 3ds.2 and Zr 3d,.2 at 182.2 and I 84.6 eV, respectively. The presence 
oftwo XPS peaks with an energy gap of2.4 eV indicated the existence of two different 
types of zirconium ions. Lower binding energy peaks (3d5 2) at I 82.2 eV confirmed the 
existence of Zr4~ as Zr02. whereas higher binding energy peak (3dn) at 184.6 eV 
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Figure 4.15: XPS of Zr 3d of (a) CZC5, (b) CZC1 0, (c) CZC15, (d) CZC20 and (e) 
CZC25 catalysts 
The binding energies of Cu 2pJ;2 and Zr 3ds.•2 core electrons and their full width at 
half maximum (FWHM) values, along with Cu/Zr atomic ratio, are summarized in 
Table 4.8. As evident from the tabulated data, the binding energies ofCu 2pJ;2 slightly 
shifted from 934.45 to 934.23 eV by increasing Cu concentration from 5 to 15 wt.%, 
respectively. This shift of binding energies from higher to lower magnitude with the 
increase of Cu loading indicated intensification in interaction between Cu and Zr02 on 
one hand, and on the other hand, it was also a clear manifestation of increasing copper 
dispersion [232]. However, both interaction and dispersion of copper were adversely 
affected when the Cu loadings reached beyond 15 wt. %. These findings further 
validated chemisorption and TEM results. Moreover, such variation in binding 
energies, as a consequent of increasing Cu loadings, was also reported by Liu et aL, 
where lower binding energies were related to dispersed CuO and higher binding 
energies were declared for crystalline CuO [272]. In contrast, binding energies of 
Zr 3d5;z were less affected by increment in Cu concentration up to 15 wt%. However, 









energies, suggesting diminishing the mutual interaction and reducing Zr dispersion with 
the increase in Cu content [273]. 
Table 4.8 XPS data ofCZC catalysts with different Cu contents 
Sample Binding energies (eV) FWHM (eV) Atomic 
Cu/Zr 
Cu 2pJi2 Zr 3d;!2 Cu 2p3i2 Zr 3d:<i2 ratio 
czcs 934.45 182.18 4.15 4.41 0.56 (0.6) 
CZCIO 934.20 182.20 4.05 4.42 0.71 (135) 
CZCI5 934.23 182.24 4.22 4.43 1.3 (202) 
CZC20 93432 182.60 4.22 4.40 0.73 (2.7) 
CZC25 934.43 182.62 4.17 4.42 0.65 (3.37) 
Besides, CuO has a nearly square-planar symmetry, where Cu 2 ion is surrounded 
by four oxygen anions. So, in such a system when the symmetry ofCu2- ion is distorted. 
other charge-transfer excitations may take place due to electron correlation effects 
[274] The broad shake-up satellite peak observed in the current case could be due to 
the slight distortion of CuO symmetry. This could be further elaborated by examining 
the change in FWHM value of parent Cu 2p, 2 peaks as a function of Cu addition. The 
magnitude of FWHM slightly increased by increasing Cu loadings and maximum 
yalues were recorded for catalvsts with 15 and 20 wt.% of Cu content Therefore, it 
. .,.. y v ., "' \ ~ 
could be infirmed from the.XPS data that addition ofCu content led to the fonmation of 
--.---
additional weak Cu2 '-Cu2 bOnding with neighboring 0 2 ions, which consequently 
\ . 
distorted coordination symmetry of Cu 2 ion towards a highlv distorted octahedral 
symmetry [971 On the other hand, FWHM values of parent Zr 3d; 2 were found to be 
invariant throughout the range of Cu concentration. Therefore, no particular 
information pertaining to bonding and the nature of Zr4 ions could be obtained. 
furthermore. relative atomic ratio ofCu/Zr is also presented in Table 4.8, whereby 
the values in parentheses are nominal ratio of the two metal in parent catalysts. This 
IIILJ 
atomic ratio increased with the increase of copper content, but as for the bimetallic 
catalyst with higher loadings, it was significantly lower than the nominal ratio. This 
showed depletion of surface Cu and subsequent enrichment of surface Zr content This 
was due to agglomeration at higher loadings and had been consistent with the 
agglomeration of the copper particles observed by XRD at higher content. Recently, 
similar results were also reported by Martin et a!. for Cu-ZrOz with increased Cu 
content [225]. 
928 930 932 934 936 938 930 932 934 936 938 
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Figure 4.16 XPS Cu 2p peak fitting curves of (a) CZC 10, (b) CZC 15, (c) CZC20, 
and (d) CZC25 catalysts 
In order to identify the different Cu species, Cu 2p112 peak of each catalyst was 
resolved in different peaks and is displayed in Figure 4.16. Cupric ion can easily be 









electrons. However, binding energies Of Cu ahd C'u' are so close that they could not be 
differentiated. In the current study, higher energy ofC'u 2p,, peak observed at 933.7 
eV was assigned to C'u2 ' ion. whereas low energy peak at 932.7 eV was ascribed to Cu' 
ions. The appearance of two-different CuO species in XPS analysis strongly supported 
the Hc-TPR findings. where step-wise reduction ofCuO was recognized. 
4.2.1.10 Basicity and acidity studies 
/f 
Moi'eovetJin order to obtain insight concerning the basic sites of the catalysts, 
C02-TPD was performed. C'Oc-TPD profile of catalysts with different copper loading 
is presented in Figure 4.17. Similarly. the number of basic sites and their respective 
densities are documented in Table 4.9. A wide distribution of basic sites was observed, 
,.. 
ranging from I 00 to 700 °C. The basic sites were classified as m:_~(below 450 "C) 
and strong (above 450 "C'). . _.,y<:J:. ~0-' ,,. .. \ -~..,_v-, f. 
'VI'~-""').- ~1\o .~ 
Medium basic sites 
200 300 400 
• • 
• • • 
• • • • 
Strong basic sites 
-------(b) 
___ (a) 
500 600 700 
Figure 4.17: TPD-CO· pro tile of (a) CZCS. (b) CZC 10, (c) CZC 15. (d) C7C20 
and (c) CZC25 catalysts 
Ill 
o/.c-r In addition, the total amount of desorbed C02 increased with the increase of Cu 
V content in the CZC catalysts. This linear relationship was maintained with the addition 
~~ of Cu up to 20 wt. %. However, it was depressed on further Cu loading. This increase 
~
in intensity of basic sites with increasing Cu loading is in line with.t~terature [275]. 
Since CuO has been reported to be the adsorption site of C02 [2;75¥, ~bnce it is quite \ T , 
understandable that C02 adsorption is improved by increasing c(KJding in czc 
catalysts. Besides, the distribution of basic sites was ?.e;;:?.~at1,c..:t-re by variation 
in Cu loadings. A small shoulder at 300 °C confirmed the presence of basic sites with 
medium strength, but basic sites were predominantly distributed in strong and very 
strong adsorption regions, as indicated by desorption peaks at 480, 560, and 700 °C for 
CZC5 catalyst. Meanwhile, the incorporation of Cu content to I 0 wt.% created a new 
desorption peak in the weak basic sites region with desorption max at around 421 °C. 
However, the majority of basic sites wer:+ still distributed at higher temperature regions 
...-~ 5.l..' v--c .t.. .,...,.~ r 
in CZC10 catalyst. A re~able shift of basic sites from higher temperature region to 
lower temperature region was observed when Cu content was increased to 15 wt. %. 
Table 4.9: Acidic and basic properties ofCZC catalysts with different Cu loading 
Catalyst Number oftotal Density of Number of Density of 
basic sites total basic total acidic sites total acidic 
(mmollg.cat) sites (mmollg.cat) sites 
(mmol!m2) (mmollm2) 
CZC5 9.40 0.08 0.85 0.007 
CZClO 11.2 0.09 0.94 0.007 
CZC15 15.81 0.12 2.36 0.017 
CZC20 17.04 0.18 2.53 0.027 









Nevertheless, on further increasing ofCu content, the distribution ofbasic sites was 
shifted to the right side of the TPD spectra. A similar trend was observed tor density of 
basic sites variation as a function ofCu content. Furthennore, the addition ofCu loading 
also effected the distribution of acidic sites strength (Figure shown in Appendix C 
(Figure C2). A small shoulder around 300 °C and a TPD-NH 3 peak near 580 °(' 
indicated the presence of medium and strong acidic sites in CZC5 catalysts, 
respectively. However, further addition of Cu content did not only shift the latter peak 
to slightly lower temperature, but also generated another TPD peak in lower 
temperature region at around 490 °C. Interestingly, a remarkable increase in TPD peak 
in medium acidic sites region was observed when Cu content was increased to 15 wt. %. 
The increment of medium acidic sites with increasing Cu loading indicated that the 
distribution of medium acidic sites had been facilitated by copper. Similar correlation 
of medium strength acidic sites with respect to the increase of Cu content was also 
reported by Mihai et al. [276]. However, this trend was no longer observed for further 
addition of Cu content and substantial decrease in magnitude of medium acidic sites 
and subsequent increase in the number of acidic sites with higher strength had been 
recorded when the Cu loading exceeded 15 wt.%. The agglomeration of catalysts 
particles may be one of the reasons tor the depressing amount of acidic sites with 
respect to higher Cu loading. 
Meanwhile, the total NH, uptake was increased by increasing the Cu content in the 
catalysts (Table 4.9). This trend of increasing number of total acidic sites as a function 
of increasing Cu loading is in line with the literature [276, 277]. This also suggested the 
adsorption ofNH, on the surface of Cu. which has previously been reported elsewhere 
[276]. Therefore, the higher the Cu loading. the higher the amount of ammonia 
adsorbed. Moreover. the trend can also be justified by considering the strong capability 
of Cu to oxidiJ:e NHJ to NO and/or ;--,:,. Besides, the number of total acidic sites 
increased from 0.85 to 2.53 mmol/g.cat when Cu loading was increased from 5 to 20 
wt. %. However. further addition of Cu resulted in lowering magnitude of acidic sites, 
which could be due to agglomeration of Cu particles or tonnation of Cu crystallites at 
higher loading. Likewise. the density of basic sites was also enhanced through the 
elevation of Cu content and an optimum value was recorded tlJr CZC20 catalyst. 
IIJ 
7 
In conclusion, both acidic and basic profiles of CZC catalysts were promoted 
with the addition of Cu content in CZC catalysts and optimum quantities of acidic and 
basic sites were observed for CZC20 catalyst. 
4.2.2 Effect of Cu loadings on activity profiles 
Table 4.10 presents activity data of CZC catalysts with different Cu loadings. 
Methanol synthesis rate was improved with incorporation ofCu co/nte-4 up to 15 wt.%, 
however it)f_¥''d~iined on further addition. A sharp increase in ~I synthesis rate 
was observed by increasing Cu content from 5 to I 0 wt.%. The trend was continued 
with further addition of Cu and optimum activity was recorded for catalysts with 15 
wt.%. However, when the Cu content wa ·ncreased further, the additional amount of 
Cu led to a decline in the methanol activity. The trend in methanol synthesis with 
respect to Cu content had been closely associated with the variations in Cu surface area 
and dispersion. Similar observations were also observed by Rhodes ~ al. (85]. 
... 
... 
Methanol selectivity~ increased wit~t three variation of Cu loading~~ll.owever, it 
~decreased when Cu content was increased beyond 15 wt% in parent CZC catalyst.~~ 
Besides methanol, ethane, hexane and acetone were found as by-products in the CA <0. ~~ "* 
reaction mixture. ~ \ +r "" 
~£.,. ......... 
In terms of methanol synthesis, the production rate of almost similar magnitude was ~~IM.L ') 
reported by Sloczynski et al., for Ag/ZnO/Zr02 and Au/ZnO/ZrOz catalysts [278]. 
Similarly, C02 conversion gradually increased with the increase of Cu content and 
maximum conversion was achieved with CZC20 catalyst. The discrepancy of greater 
C02 conversion with higher Cu content could be understood by the fact that C02 
conversion is more related to the ZrOz component of the catalyst. In case of TOF, 
although maximum value was recorded for CZC 15 catalyst, no proper variation was 





Table 4.10 Catalytic activity of CZC catalyst with different Cu loadings 
\ 
..tf 
Catalyst M hi-~. et . achv1ty COz conversion Metht'selectivity TOF\Mmx to·• 
(g/kg.cat.h) (%) (%) (s·•) 
czcs 08 4 41 5.0 
CZCIO 13 7 49 4.7 
CZCIS 20 I I 54 5.4 
CZC20 18 12 42 5.2 
CZC25 16 09 39 5. I 
'~ 
~ £-.(9 .. .-<-'-~1.' 
<)H'i~ay~[9ET surface area is an important parameter in djseU'~g)he 
catalyst activity ~ a particular reaction. In the current work. a correlation of BET 
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Figure 4 18 Correlation ofCu content with BET surface area and methanol 
productivity rate 
r.,.., ... $: -4-
As shown in Figure 4.18, increase in Cu content tended to 8Rlarge the BET surface 
area of the catalyst, which subsequently improved the methanol productivity rate. The 
trend continued with further Cu addition and optimum values of both BET surface area 
and methanol productivity rate were obtained for catalyst with 15 wt.% ofCu content. 
However, further augmentation of Cu content reduced the BET surface area, and 
~ ;:l""'>~(""' 
consequently:t_~thanol productivity rate was depressed. This ~u~ut that BET 
surface area ~ix(~ a predominant contribution factor in activity profiles of CZC 
catalyst to methanol formation. Similar observations were also documented for 
methanol production over Cu/ZnO catalyst by Pan et al. [279]. 
Based on the reported mechanistic studies, Cu surface area (Sc,) is an important 
parameter in C02 hydrogenation to methanol. In order to assess the role of copper 
surface area (Scu) on the activity pattern of CZC catalysts, a graph portraying Scu, 
methanol production, and turnover frequency (TOF) is depicted in Figure 4.19. 
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As evident from the graph, methanol yield exhibited a volcanic variation trend with 
the increase of Scu. The promotion of methanol yield by increasing Scu is in accordance 













Consequently, more atomic hydrogens were supplied to the ZrOz sites for reduction of 
C02 adsorption, which led to higher production rate. However, TOF variation was not 
totally aligned with variantS,·, values. As evident from the graph, TOF decreased with 
initial increase in copper surface area, however it was enhanced with further increase 
in Scu Generally activity of the copper based catalysts increases linearly with increasing 
s, ·, However conflicting results have also been reported in the literature [281, 282]. 
Based on Boudart's theory, a straight line should be obtained between Sc, and TOF in 
case where catalyst activity is only dependent on S·, [102]. Based on this observation, 
it could be inferred that in the current case, although the rate of methanol synthesis was 
accelerated by increasing S,·,, however it was not the sole factor that tailored the activity 
profile 
Due to the acidic nature ofCOz, the number of basic sites played an important role 
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Figure 4.20 Catalysts pertormance versus number of basic site 
As shown in Figure 4.20, the performance of catalysts was significantly altered by 
the number of basic sites. The rate of methanol productivity was increased by increasing 
the number of basic site with an exception of increase in basic sites from 15 8 to 17.04 
mmoles/g.cat, which led to a decrease in methanol productivity from 20 to 18 
II 7 
g/kg.cat.h, respectively. However, a linear relationship was observed in the number of 
basic sites and C02 conversion. This signified the vital role of magnitude of basic sites 
in C02 conversion. Similar relation of improved C02 conversion as a function of the 














4.3 Effect of ZrOz loadings 
Effects of ZrO, loadings on the physicochemical properties and activity pattern of 
parent catalyst were investigated. The results are briefly discusscd
1
i;r'ffw-f61).e'l\1jp.g:;" 
4.3.1 Effect of ZrOz loadings on physiochemical properties 
Different techniques were employed to investigate the effects of Zr02 loadings on 
the physicochemical properties. These are described in the following. 
4.3.1.1 Quantification ofcmalvst componi'nts 
lCP-OES was employed to quantity Cu and Zr02 loadings and the data are 
presented in Table 4.11. Magnitudes of both bulk Cu, as well as Zr02 measured by lCP, 
were in very close agreement to the targeted values. This implied that almost all metal 
components (Cu & Zr02) were successfully deposited on the catalyst support. This in 
turn also indicated the efficiency of DP method for preparing catalysts with higher 
loadings of active metals. 
Table 4.11: lCP results ofCZC catalysts with different ZrO, content 
Sample Target Cu Cu (%)by Target ZrOz ZrOz (%)by 
(%) lCP (%) ICP 
5CZC 15 14.54 5 4.51 
!OCZC 15 15.50 10 9.78 
15CZC 15 14.89 15 15.29 
20CZC 15 14.24 20 19.24 
25CZC 15 14.81 25 24.17 
I I'! 
4.3.1.2 Bulk phase analysis 
Figure 4.21 displays the diffraction patterns of calcined CNFs based Cu/Zr02 
catalysts with different ZrOzloadings. For comparison, diffraction ofbare CNFs is also 
shown in the Figure. Two prominent peaks were detected at 26 ~ 26° and 44 ° with d 
spacing of 3.36 and 2.06 respectively, indicating the diffractions of (002) and (1 00) 
planes of graphitic carbon nanofibers [87, 246]. The presence of zirconia was pointed 
out by two diffraction peaks at 24.3° and 30.3°, ~JW"monoclinic zirconia (m-
Zr02) and tetragonal zirconia (t-Zr02), respectively [284]. Similarly, the diffraction 
patterns at 32.6°, 35.5°, 38.7°, 48.8°, 53.6°, 58.3°, 61.6r, 66.4°, 68.1 °, 72.3°, and 75.1 o 
had been identified, which was indexed as monoclinic-phased tenorite CuO with"-<g~'-'U 
r + .........._. ~ -f.,._ l..-
JcPos card tiles No. 48-1548 (a~ 4.62 A, b ~ 3.43 A, and c ~ 5.06 A). With ele~er 
~by increasing Zr02 content up to 15 wt.%, the intensity of the CuO diffraction 
peaks gradually decreased while the width of the diffraction peak slightly broadened 
with respect to Zr02 promotion, indicating a reduction of CuO crystallization degree 
and improvement of copper dispersion. However, further addition of Zr02 led to 
intensify CuO diffraction peaks sharply, suggesting increase in the degree of 
crystallization and reduction in copper dispersion. Moreover, no diffraction peak was 
observed for zirconia phase in catalysts with ZrOz loadings up to 15 wt.%. This 
suggested a well-dispersed and amorphous form of zirconia. Nevertheless, sharp 
diffraction peaks were identified when Zr02 concentration surpassed beyond 15 wt.%, 
displaying the amplification of crystallization and the decline in Zr02 dispersion. By 
summarizing the XRD results, Zr02 addition resulted in higher dispersion and reduced 
crystallization for both active components (CuO and Zr02) with optimum values for 
15CZC catalyst. Besides, the highly dispersed forms of active components are desirable 
for improved performance of catalysts (285]. Hence, XRD findings envisaged 15CZC 
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Figure 4.21 XRD spectra of(a) CNF-0, (b) 5CZC, (c) lOCZC, (d) 15CZC', 
(e) 20CZC and (f) 25CZC catalysts 
./. 3.1. 3 Morphology mvesti[Jalions 
TEM images of CZC catalysts with different Zr02 loadings are shown in Fi~,>ure 
4.22. CuO and Zr02 individual particles were identified as mentioned in the previous 
section 4.2.2.5. TEM investigations revealed that the particles of the catalysts were 
uniformly distributed in CZC catalysts with lower ZrOz content. However, aggregation 
of particles was observed when Zr02 content was increased above 15 wt.%. Besides, 
aggregation and growth of particles adversely affected the dispersion of active 
components over the surface of CNFs. This is exactly in line with the results of NzO 
chemisorption. Besides, TEM investigations had been consistent with the XRD and 
TPR findings \!ext particle size was calculated to identify the average particle size of 
copper and zirconia, and the details are depicted in Table 412. Although the size of the 
average Cu particles progressively increased with the increase in Zr02 content with the 
first three ZrO: variations, however, remarkable growth of the average Cu particles was 
121 
observed for catalysts with 20 and 25 wt.% of Zr02 content. These TEM observations 
were in line with the XRD and the N20 chemisorption results. Similarly, the average 
particle size of zirconia was increased from 4 to 7 nm by increasing Zr02 concentration 
from 5 to 15 wt.%, respectively. The growth of Zr02 particles persisted with further 
ZrOz addition and the average particle size was doubled as Zr02 was promoted from 15 
to 25 wt.% in the parent catalyst. 
(e) 
50nm 50 run 
Figure 4.22 TEM images of(a) 5CZC, (b) 10CZC, (c) 15CZC, (d) 20CZC and 








Table 4.12: TEM catalyst particle size 
Catalysts Copper average Zirconia average particle 
particle size size 
5CZC 3 4 
' IOCZC 4 5 
15CZC 5 7 
20CZC 8 ]() 
25CZC 10 12 
4.3. 1.4 Textural properties 
In order to investigate the textural properties of catalysts N2 adsorption-desorption 
technique was employed. N2 adsorption-desorption isotherms and pore size 
distributions ofCZC catalyst with different Zr02loadings arc illustrated in Figures 4.23 
and 4.24, respectively j.ikewise, their textural properties are summarized in Table 4. 13. 
Each ca yst sH wcU\Ype-IV isothcnns with H4 type hysteresis loops with a sharp rise 
betwe n PIP~ at .90. This represented the mesoporous nature of the catalyst. A very 
narrow po e size distribution, centered at around I 0 nm, was found for each catalyst 
(Figure 4.24). This suggested that pore size distribution was not affected with the 
addition of Zr02. On the other hand, surface area was signitlcantly altered with the 
addition of Zr02. Nevertheless, pore volume and average pore diameter were less 
affected with the incorporation of Zr02. As evident from the tabulated data, a sharp 
increase in surface area was observed from 130 to 140 m2/g when Zr02 content was 
doubled from 5 to I 0 wt% and reached 152 m21g with further addition ofZr02 content 
However, the surface area tirst decn,;ascd. and then, remained almost constant when 
Zr02 loading was increased beyond 15 wt %. This could be due to the lower dispersion 
and agglomeration of catalysts particles with the excess amount ofZr02. Furthermore, 
agglomeration of catalysts particles and subsequent lower dispersion at higher Zr02 
loadings could also be visuali/.ed ti·om TEM images of the respective catalysts. 
L· .( I t -.. \ 'f . I . 
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Hence, in summarizing the BET results, Zr02 promotion facilitated the surface area 
of CZC catalysts remarkably up to 15 wt.% of ZrOz content, and then, remained 
unchanged with further ZrOz addition. In addition, a similar trend was also reported by 




















..c ... 150 0 
"' "0 
~ 100 










100 ~- ---- ---- ....... -----... ----- -rr 50 
0 
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 
2:'10 
(c) (d) 




/ I 00 -- ---- --,_ ....... --- ---....... -... 
50 v /"'" 
0 





J I I , -___ ... _ ... -----
fr" 
0 0.2 0.4 0.6 0.8 
Relative pressure (P/Po) 
Figure 4.23: N2 adsorption-desorption isotherms of(a) 5CZC, (b) 10CZC, 














Table 4.13: Textural properties ofCZC catalysts with different ZrOcloadings 
Sample BET surface Total pore A vcrage pore 
area (m2~ volume ( cm3/g) diameter (nm) 
5CZC 130 0.32 10.8 
IOCZC 141 0.30 10.6 
15CZC 152 0.28 10.5 
20CZC 149 0.31 11.6 
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f'igure 4.24: Pore si/c distribution of(a) 5CZC (b) IOCZC. (c) 15CZC, (d) 20CZC 
and (c) 25CLC catalysts 
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4.3.1.5 Surface area and dispersion of copper 
The surface area of metallic copper (Scu), Cu dispersion (De,), average particle size 
(de,), and relative distribution of metallic copper (Rcu) were measured via N20 
chemisorption. The N20 chemisorption data are presented in Table 4.14. As evident 
from the tabulated data, increase in Zr02 content had a marked influence on the surface 
properties of Cu. Copper surface area initially increased from 8.1 to 9.9 m2/g with the 
( 
4.,-\hc~rporation ofZr02 in the parent catalyst from 5 to 10 wt.%. However, the metallic 
~ - . 
; c surface area progressively (d~presse;l:> when Zr02 addition exceeded I 0 wt. %. 
I ·. ·' 
Nevertheless, CZC catalyst with the largest Cu surface area (I OCZC) did not show the 
highest activity, and unexpectedly, CZC catalyst with relatively lower Sc, (15CZC) 
displayed the highest catalytic activity. This discrepancy could be resolved by taking 
into account the amount of active copper. In the current case, it could be inferred that 
the Cu on the surface of I OCZC catalyst displayed lower activity than the Cu particles 
on the surface of the 15CZC catalysts or in other words, lesser amount of surface copper 
was active in lOCZC catalyst as compared to that of 15CZC catalyst. Besides, similar 
observations of conflicting correlation between Cu surface area and catalyst activity 
were reported by Jones eta!. for Cu/ZnO/nano Ah03 catalyst [273]. The decline of Scu 
by increasing Zr02 content suggested crystallization and agglomeration ofCu particles. 
This supported the intensification and broadening of XRD peaks when Zr02 
concentration exceeded 15 wt. %. Likewise, a similar trend was discovered tor Cu 
dispersion with the increased Zr02 content. Although the magnitude of Cu dispersion 
initially increased and then decreased by increasing Zr02 loadings from 5-10 and 10-
15 wt. %, respectively, there was no substantial difference between magnitudes of De, 
for the corresponding catalysts. In contrast, the amount of De, significantly declined 
when Zr02 concentration surpassed 15 wt. %. These observations had been in line with 
TEM results. Nonetheless, contrary to Scu and Dcu, de, showed an opposite trend with 
the increase of Zr02 content. Obviously, particle size and surface area are reciprocal to 
each other, hence smaller particles exhibit higher surface area and vice versa. 
Furthermore, the growth in Cu particle size and the concomitant decline in its surface 
area, as well as the dispersion with Zr02 content beyond 15 wt.% had been a clear 
manifestation of Cu agglomeration with higher Zr02 loadings. These results were 







affected with the addition of Zr02 content in the parent catalyst. Besides, the 
contribution of surface metallic copper was increased from OA I to OA6 with the 
increment ofZr02loading from 5-l 0 wt. 0!t,. Nevertheless. it pr.owessivcly declined with 
further addition of Zr02 content. The decrea,;e i!.1 sllrfa~. Cllas a consequent of 
increasing Zr02 content implied that Cu was partially embedded in the Zr02 phase and 
the process lingered until the lowest Rcu value was recorded for catalysts with 
maximum Zr02 loadings. More importantly, increasing Zr02 content and subsequent 
Cu embedding offered less exposure to Cu surface. but more Cu- Zr02 interfacial 
surface area. Furthermore, due to large interfacial surface area, this feature also revealed 
better Cu- Zr02 interactions as a function of increasing Cu content. 
Table 4.14: N,Q chemisorption data 
Sample Sc., (m2/g) De.,(%) de., (nm) Rcu 
sczc 8.1 11.6 9 OAl 
10CZC 9.9 13.2 8 OA6 
15CZC 9.5 12.9 8 OAl 
20CZC 5.9 6.7 15 0.25 
25CZC 4.3 5.8 18 0.19 
4.3.1. 6 Reducihility studies 
TPR measurements were carried out in order to investigate the reduction behavior 
of catalysts as a function ofZr02 promotion. TPR profile ofCZC catalyst with ditierent 
Zr(h loadmgs ts depicted in Figure 4.25. Similarly, the magnitude of total H2 uptake. 
extent of reduction. and relative distribution of dispersed Cu are presented in 
Table 4.15. As evident trom the Figure, two main reduction peaks were observed for 
all CZC catalysts. Low-temperature peak (peak u) was ascribed to the reduction of 
dispersed CuO, whereas the high temperature peak (peak fll was due to reduction of 
bulk phase CuO [85]. With a closer look. one could obser\e that peak n centered at 240 
oc for 5CZC catalyst \\as shilled to a higher temperature of260 °C as the Zr02 content 
127 
was doubled, suggesting lesser interaction between CuO and ZrOz in the latter case. 
However, further addition of Zr02 facilitated the reduction of CuO by demonstrating a 
slight shift towards lower temperature. 
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Figure 4.25: TPR Spectra of(a) 5CZC, (b) IOCZC, (c) 15CZC, (d) 20CZC and 
(e) 25CZC catalysts 
In contrast, peak~ observed a consistent lower-temperature shift as a consequence 
ofZr02 addition up to 15 wt.% ofZrOzloading, and a reverse shift was witnessed with 
further Zr02 promotion. This indicated that ZrOz addition improved the reduction of 
bulk phase CuO and maximum improvement was observed for catalysts with 15 wt.% 
of Zr02 content. In addition to these two common reduction peaks, another small 
shoulder centered at 286 °C was observed for 15CZC catalysts. suggesting the 
formation of a new Cu phase. However, this new phase was diminished with further 
Zr02 addition. Generation of such a new Cu phase in Cu/ZrOz system has been 
previously reported and attributed to dissolution of zirconium ions in CuO phase [97]. 
More interestingly, this new phase was claimed to contribute more significantly in 
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methanol synthesis. Based on this observation, the highest activity of 15CZC catalyst 
could also be correlated to this new CuO phase. 
Highly dispersed Cu had been believed to be the most active phase of copper in Cu-
based catalysts. In the current study, distributions of highly dispersed and bulk phase 
Cu, were significantly affected by Zr02 promotion. As evident from the JaAI!!_ated data, 
contribution of highly dispersed phase was incremented by Zr02 additi~t~ and ~timum 
contribution was recorded for 15CZC catalysts. This could also b~ o~S\ the reasons for 
\ ' 
higher activity of the catalyst amongst all studied catalysts for rnctlnlno! synthesis. 
Similar correlation of catalyst activity to methanol synthesis as a function of magnitude 
of dispersed Cu was also reported by Suh eta!. [97]. Furthennore, the presence of two 
reduction peaks had also been reported and attributed to stepwise reduction of Cu. from 
Cu2+ to Cu+, and subsequently from Cu' to Cd' [268, 286-288]. In this respect. peak a. 
was attributed to the reduction of Cu2' to cu·. while peak rl was assigned to the 
reduction of Cu+ to Cu [270. 289, 290]. 
Besides, the extent of copper reduction (H2/Cu) was calculated to assess the 
influence of increasing ZrOo content on the overall Cu reduction. Almost 90 o;., of total 
Cu was f(mnd in reduced form with Zr02 loading up to 15 wt. %. Furthermore. the 
magnitude of H2/Cu '' I also indicated that regardless of 7r02 content. copper 
predominantly existed as CuO in catalysts up to 15 wt.% ofZr02 content. Nevertheless, 
the extent ofCu reduction was depressed when Zr02 content exceeded 15 wt.%. As less 
fraction of agglomerated Cu was available for reduction, this trend suggested the 
growth and the agglomeration of Cu with increased Zr02 loadings. Likewise, this 
behavior ofCu growth and agglomeration was also supported by XRD results and N20 
chemisorption studies. 
12~ 
Table 4.15: TPR data of CZC catalysts with different Zr02 loadings 
Sample Total H2/Cu Red. Temp H2 consumed A (uJ/ (A<uJ +A 
(OC) * 
H2 consumed (/imo1es/g) 
(~)) (%) 
(/imo1es/g) 
Peak Peak Peak Peak 
a ll a ll 
5CZC 2265 0.95 240 341 420 1845 18 
10CZC 2089 0.88 260 334 706 1383 33 
15CZC 2145 0.90 250 326 1455 689 68 
20CZC 1790 0.75 255 476 640 1150 35 
25CZC 1331 0.56 270 400 600 731 45 
*Fraction of dispersed Cu 
4.3.1. 7 Metal-metal interaction and swface analysis 
XPS spectra of Cu 2p of CZC catalysts with different Zr02 content are illustrated 
m Figure 4.26. Each catalyst showed core electron peaks at 934 and 954 e V, 
representing Cu 2p3!2 and Cu 2p112 parental peaks, respectively. Similarly, each core 
electron peak was accompanied by another satellite peak with binding energy gap of 
8-9 eV at 943 and 962 eV, respectively. The occurrence of shake-up peaks in 
concomitant to the parental peaks confirmed that Cu predominantly existed as Cu2+ in 
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Figure 4.26: XPS Cu2p profile of(a) 5CZC, (b) lOCZC, (c) lSCZC, (d) 20CZC and 
(e) 25CZC catalysts 
Similarly. XPS profile of Zr Jd is depicted in Figure 4.27. Two prominent peaks 
were observed in binding energy range of 182-185 eV. The occurrence of two XPS 
peaks with energy gap of 2.4 eV indicated the presence of two different types of 
zirconium ions. XPS peaks at 182.2 eV was assigned to Zr 3ds 2 core electrons and 
another core electrons peak for Zr 3dJ 2 was observed at 184.6 eV. LowcT binding 
energy peaks at 182.2 eV confirmed the existence of Zr4 " as Zr02, whereas higher 
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Figure 4.27: XPS Zr 3d spectra of(a) 5CZC, (b) IOCZC, (c) !5CZC, (d) 20CZC and 
(e) 25CZC catalysts 
The binding energies of Cu 2p3:2 and Zr 3ds;2 core electrons and their full width at 
half maximum (FWHM) values, along with Cu/Zr atomic ratio, are summarized in 
Table 4. I 6. As evident from the tabulated data, promotion ofZr02 content from 5 to I 0 
wt.% shifted the binding energies ofCu 2p3;2 from 934.72 to 934.31 cV, respectively. 
This shift from higher to lower binding energies with increasing Zr02 content showed 
the strengthening of the interaction between Cu and Zr02. In addition, it also advocated 
better copper dispersion. This shifting trend of Cu 2pJiz peak position to lower binding 
energies continued with further Zr02 addition. However, both metal-metal interaction 
and copper dispersion was adversely affected by Zr02 incorporation that exceeded 
15 wt.%. This was demonstrated by back shifting ofCu 2pJ!2peak from lower to higher 
binding energies. These XPS findings were exactly in line with the results of N20 
chemisorption and TPR studies. On the other hand, the magnitudes of binding energies 
of Zr 3ds;2 core electron levels are in good agreement with the published literature for 
Zr4 ' cations [29 I]. Meanwhile, position of peak maxima of Zr 3ds;2 on binding energy 






5 to I 0 wt.% shifted the peak to lower binding energy, suggesting greater interaction 
between Cu and Zr02. Nevertheless, further promotion ofZr02 content shifted hack the 
Zr 3d5 2 to slightly higher binding energy region. Although binding energies of Zr 3ds. 2 
were shifted to higher energies when Zr02 content was increased beyond I 0 wt. %, the 
highest values of binding energies of Zr 3ds 2 ( 183.81 eV) were recorded for catalysts 
with the lowest Zr02 content, suggesting variation of coordination number ofZr atoms. 
Such observations were also reported by Damyanova et a!. for CoMo/Zr02-Ah0J 
catalyst with varying Zr02 content [292]. Besides, the molecule of CuO had a nearly 
square-planar symmetry, whereby Cu2· ion was surrounded by tour oxygen anions. So, 
charge-transfer excitations may occur in such a system due to electron correlation 
effects when the symmetry of Cu' ion is distorted. The broad shake-up satellite peak 
observed Cu 2p profile ofCZC catalyst with different Zr02 content could he due to the 
slight distortion ofCuO symmetry. To elaborate this further, variation in FWHM values 
of parent Cu 2p3 2 peaks as a function of Zr02 addition were examined. Initially, the 
magnitude of FWHM slightly decreased by increasing Zr02 loadings from 5 to l 0 wt.%. 
However, the FWHM values increased with further incorporation of Zr02 content and 
maximum values were recorded for catalysts with 15 and 20 wt.% of Zr02 content. 
Hence, it implied that the addition of Zr02 distorted the coordination symmetry ofCu2+ 
ion towards a highly distorted octahedral symmetry. The FWHM values of Zr 3ds2 
initially decreased with increasing Zr02 content from 5 to l 0 wt.%. However, they 
were less atleeted by further rise of Zr02 concentration. The lacking of variations in 
FWHM values of Zr 3ds2 as a consequent of increasing Zr02 content. did not allow to 
get information about the nature of Zr02 bonding. Furthennore, relative atomic ratio of 
Cu/Zr is also presented in Table 4. 16. The nominal ratio of the two metals in parent 
catalysts is given in parentheses. Apparently, atomic ratio decreased with the increase 
in Zr02 content, however in all cases, it was significantly lower than the nominal ratio 
tor the bimetallic catalyst. This clearly demonstrated depletion of surface Cu and 
subsequent enrichment of surface Zr02 content. One of the possible reasons was the 
agglomeration of Cu at higher Zr02 loadings and this had been consistent with earlier 
(XRD. TEM. and N20) investigations. Of course. embedding of Cu in zirconia 
framework could be the major reason t(w lower Cu/Zr ratio. 
Table 4.16: XPS data ofCZC catalysts with different Zr02 content 
Sample Binding energies ( e V) FWHM (eV) Atomic 
Cu 2p3!2 Zr 3dsi2 Cu 2p3i2 Zr 3dsi2 
Cu/Zr ratio 
5CZC 934.72 183.81 4.15 5.15 3.1 (4) 
IOCZC 934.31 182.38 4.05 4.36 1.4 (2) 
15CZC 934.26 182.45 4.22 4.39 0.8 (1.3) 
20CZC 934.29 182.60 4.22 4.40 0.6 (I) 
25CZC 934.60 182.68 4.17 4.41 0.5 (0.8) 
In order to identify the different Cu species, Cu 2py2 peak of each catalyst was 
resolved in different peaks. The deconvoluted profile ofCu 2pyz peak for each catalyst 
is displayed in Figure 4.28. Cupric ion can easily be recognized owing to its 
characteri~i~upling phenomenon between unpaired electrons. However, the binding 
energies of Cu <ind Cu+ were too close to be differentiated. In the current study, three 
different XPS peaks were observed. Lower binding energy XPS peak at 932.6 eV was 
attributed to Cu+, while higher binding energy peaks at 933.7 and 935.5 eV were 
assigned to Cu2+ [293]. The appearance of more than one CuO species via XPS analysis 
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Figure 4.28. XPS Cu 2p32 fitting curves (a) 5CZC, (b) I OCZC, (c) ISCZC, (d) 20CZC 
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4. 3.1.8 Basicity studies 
COz TPD was performed to investigate the nature and the strength of basic sites in 
CZC catalysts with variant ZrOz content. TPD-COz profile of catalysts with different 
zirconia loadings is presented in Figure 4.29. Similarly, the number of basic sites and 
their respective strength are given in Table 4.17. Basic sites were found to be distributed 
over a wide range of temperature (100 acto 700 °C). The basic sites below 450 oc 
were classified as weak and medium had been symbolized as a region, whereas basic 
sites above 450 oc were categorized as strong basic sites and were denoted as p region. 
a region 
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Figure 4.29 COz TPD profile of(a) IOCZC, (b) ISCZC, (c) 20CZC and (d) 25CZC 
catalysts 
Nevertheless, no adequate amount of basic sites was found for CZC catalyst with 
5 wt% of zirconia. Therefore, SCZC catalyst was excluded from the basicity profile. 
Irrespective of the ZrOz content, the majority of the basic sites of each catalyst were 
._..'v' ' .; e_ 
distributed in strong basic site region. As it is evident from the Figure, a small and long 
/1 








catalyst indicating the presence of weak basic sites. However, a majority of basic sites 
had been found in 0 region. The promotion or Zr<h content developed additional 
desorption peak around 300 °C. This suggested that Zr02 addition improved the weak 
and the medium basic sites. A broad desorption peak was observed starting from 320 
oc in a region with a tail in rl region when Zr02 content was increased to 20 wt. %. 
Nevertheless. the basic sites were observed ~xclusivcly in~ region with no basic site in 
lL region where Zr02 was increased to 25 wt.'Yo in parent CZC catalyst. 
Similarly. the relative distribution of basic sites was also quantified and portrayed 
in Table 4.17. The number of total basic sites gradually increased with the increase of 
Zr02 content. Obviously, Zr02 was an adsorption site for C02. and increase in Zr02 
increased C02 adsorption capacity. Meanwhile, the density of total basic sites remained 
almost invariant throughout the range of ZrO" content. The number of basic sites in 
both a and 0 regions were incremented by increasing Zr02 content in the CZC catalysts. 
However, basic sites were exclusively found in 25CZC catalyst. This factor could be 
contributed to the lower activity of the aforementioned catalyst. 
Table 4.17: C02 TPD data ofCZC catalysts with different Zr content 
Catalyst No. oftotal Density of No. of No. of 
basic sites total basic sites weak basic sites strong basic 
(mmollg.cat) (mmol/m2) (mmol/g.cat) sites (mmol/m2) 
lOCZC 9.40 0.08 1.8 7.6 
15CZC 13.21 0.08 2.2 11 
20CZC 14.60 0.09 2.47 12.12 
25CZC 15.85 0.10 i 0 15.85 
4.3.2 Effect of Zr02 content on the activity of catalysts 
The catalytic pert(mnances of the bimetallic catalysts for C02 hydrogenation to 
methanol have been summarized in Table 4.18. The activity profile of the current 
catalysts was comparatively better to those recently reported for Ag/Zr02 and Ag/ZnO 
137 
catalysts by Grabowski et al. [84]. Likewise, the magnitudes of catalyst activity had 
been very much comparable to the results of Liang et al. [87] reported for C02 
hydrogenation to methanol over carbon nanotubes supported Pd/ZnO catalysts. On the 
other hand, the rate of methanol synthesis was not so affected by variation of Zr02 
content in the parent catalyst. Methanol synthesis rate remained almost constant when 
Zr02 content was doubled. Nevertheless, a slight increase in methanol production rate 
was observed for catalysts with 15 wt.% of Zr02 loadings. However, the rate of 
methanol synthesis declined on f)Jrthe;·<i4dition ofZr02 content. Selectivity data shows 
that methanol selectivity was l~<¢'ffect¢d with incrementing Zr02 content from 5-10 
wt. %. Maximum value was recorded for CZC catalyst with 15 wt.% Zr02 content and 
was decreased with further increasing Zr02 content. Meanwhile, increment in Zr02 
content had a strong promoting effect on C02 conversion. Besides, C02 conversion had 
significantly increased by increasing Zr02 content and an optimum conversion was 
obtained for catalysts with 20 wt.% ofZrOz. Recently, similar correlation between Zr02 
content and C02 conversion was also reported by Gao et al., for C02 reduction to 
methanol over Cu/Zn/ Al/Zr catalysts [ 187].. Moreover, the TOF of methanol 
production decreased when the Zr02 concentration was doubled from 5 to 10 wt. %. 
However, further addition of Zr02 to the parent catalyst enhanced the TOF. 
Tab It: 4.18: Catalytic activity of CZC catalyst with different Zr02 loadings 
·r'\ 
Catalyst Meth. activity C02 conversion Meth. selectivity TOFMeOH X 104 
(g/kg.cat.h) (%) . (%) (s-1) 
5CZC 18 3 55 7.9 
10CZC 19 7 49 6.8 
15CZC 25 10 67 9.3 
20CZC 21 11 53 12.6 
25CZC 22 09 48 18.2 
In addition, the BET surface area plays an important role in defining the catalyst 





surface area and methanol productivity, as a consequent of varying ZrOz content, was 
examined and is shown in Figure 4.30 Addition of ZrOz content had the tendency to 
amplify the BET surtace area of the catalyst, which subsequently improved the 
methanol productivity rate. The trend continued with further ZrOz addition and 
optimum values of both BET surface area and methanol productivity rate were obtained 
for 15CZC catalyst However, further increase ofZrOz content reduced the BET surface 
area, and consequently, methanol productivity rate was depressed. This dependence of 
catalysts activity advocated the BET surface area as a prominent contributing factor for 
CZC catalyst in methanol formation 
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Figure 430 Correlation of ZrOz content, BET surface area and methanol productivity 
The correlation of dispersed Cu with the performance of CZC catalysts has been 
depicted in Figure 4.31. As expected, a linear relationship was observed between the 
percentage of reduced Cu and the rate of methanol production. This had been quite 
straight forward as the increase in Cu dispersion exposed more active Cu to the reacting 
molecules, and thus, the methanol synthesis rate was improved. Likewise, a linear 
relationship was observed between the degree of reduced Cu and C02 conversion. As 
a well-established tact, highly dispersed Cu is considered as a more active form of Cu. 
13Y 
So, by increasing the degree of Cu dispersion, more H2 molecules were dissociated to 
atomic hydrogen and had been supplied to the ZrOz sites for hydrogenation of the 
adsorbed carbon-containing species, and subsequently, C02 conversion was improved. 
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4.4 Effect of calcination temperature 
Effects of calcination temperature on the physicochemical properties and activity 
pattern of parent catalyst were investigated. The results are briefly discussed as follows. 
4.4.1 Influence of calcination temperature on physicochemical properties of 
CZC catalysts. 
Various analytical techniques were used to investigate the influence of calcination 
temperature on the physicochemical properties of CZC catalysts. The brief description 
is presented as follows . 
./ . ./.1.1 Hulk phase analysis 
Phase analysis of catalyst components were investigated by XRD technique XRD 
profile of catalysts calcined at different temperatures is shown in Figure 4.32. For 
comparison an XRD spectrum of bare oxidized CNFs was also included. Two 
prominent peaks were detected at 28 values of 26" and 44" indicating the hexagonal 
graphitic planes of CNFs (JCPDS No. 41-1487). Similarly, diffraction pattern with 
peaks at 32 6°, 35 5°, 38.T, 48 8°, 53 6°, 58.3°, 6167°, 664°, 68 I 0 , 72.3° and 75.1 o 
on 28 scale was found which is indexed as monoclinic phased tenorite CuO with JCPDS 
card files No. 48-1548 (a= 4.62 A, b = 343 A, and c = 5.06 A) Phase distribution was 
affected by the degree of calcination temperature. Catalysts calcined at lower 
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Figure 4.32 XRD profile of(a) CNFs-0, (b) CZC350, (c) CZC450, (d) CZCSOO and 
(e) CZC550 catalysts 
The lower crystallinity indicates a well dispersed and highly amorphous phase of 
CuO component at lower calcination temperature. Furthermore, no peak was observed 
for Zr02, suggesting that Zr02 is either in amorphous phase or exists in very fine 
crystalline form which could not be detected by XRD. However, further rise in 
calcination temperature not only increased CuO crystallinity but it also developed two 
additional reflections in CZC500 and CZC550 catalysts around 24" on 29 scale, 
indicating the presence of monoclinic zirconia [255]. Similarly, existence of tetragonal 
polymorph of zirconia was also identified by sharp reflections at 303° and 50.4" on 29 
scale at higher calcinations [284]. 
,.<] 
-1.4.1.2 Diffuse reflectance UV. Visible spectroscopy 
\.... 
Diffuse reflectance visible spectra ofCZC catalyst calcined at different temperature 
is presented in Figure 433. An absorption peak was observed around 540 nm. This 






Interestingly, absorption band at 540 nm was weakened and subsequently a new small 
peak around 410 nm_was' appeared when calcination temperature was raised to 500 "C 
·dJt v.( 
and bey<md. This small absorption peak around 410 nm with energy band gap of 3.0 
cV was assigned to monoclinic polymorphic form of Zr02. Similar observations were 
also recorded by Botta et al. in UV analysis of Fc/ZrO, semiconductors [294]. Thus 
0:.,~~,.--v--: ~-' 
diffuse reflectance visible investigation not only Fatitie~ the existence of Zr02 in CZC 

















450 500 m 600 
W a~rlenght (nm) 
Figure 4.33: DRS-Visible spectra of(a) CZC350. (b) CZC450. (c) CZC500 
and (d) CZC550 catalysts 
4.4. 1.3 Morphology im·cstigations 
Transmission electron microscopy was utilized to study the morphology of the 
catalyst. TEM images of studied catalysts with magnification of200 K are presented in 
Figure 4.34. TEM studies revealed well distributed particles for CZC350 and CZC450 
143 
with average particle size of 3 nm and 5 nm respectively. However, agglomeration as 
well as growth of catalysts particles was observed when calcination temperature was 
increased beyond 450 °C. Consequently, a twofold increased was observed in average 
particle size for CZC500 and CZC550 catalysts (Table 4.19). This growth of particle 
with increasing calcination temperature is due to agglomeration of particles and has 
been consistently reported in literature [295]. By a closer look at Figure 4.34, one can 
see that intensification of calcination temperature beyond 450 °C has resulted sintering 
phenomenon, as evident from in set images of CZC500 and CZC550 catalysts. 
Table 4.19: TEM catalyst particle size 
Catalysts Copper average particle Zirconia average particle 
size size 
CZC350 3 3 
CZC450 5 6 
CZC500 6 10 







Figure 4.34: TEM images of(a) CZC350, (b) CZC450, (c) CZCSOO 
and (d) CZC550 catalysts 
4.4.1.4 [ext ural properties 
Surface area is an important parameter in detcnnining the activity of the catalyst. 
The N2 adsorption-desorption isothenns of the catalyst at diffe_!Plt calcination 
temperature are shown in Figure 4.35. All samples exhibited typic~~ype-lY isothcnns 
with H4 type hysteresis loops having sharp inf1ection bctwe¢n pip" ranges of0.75-0.94, 
implying mesoporus nature of catalyst support. ln the current study, a sharp increase 
in BET surface area was observed by increasing degree of calcination temperature from 
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350 to 450 "Cas shown in Table 4.20. Consequently, total pore volume was increased 
from 0.29 0.39 cm3/g. This increase in surface area can also be justified by a remarkable 
increase of total adsorbed gas from 225 to 293 cm3/g for CZC350 and CZC450 
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Figure 4.35: N2 adsorption-desorption of (a) CZC350, (b) CZC450, (c) CZC500 
and (d) CZC550 catalysts 
Contrary to the earlier trend, BET surtace area was observed to be reduced with 
further rise in degree of calcination temperature. This could be ascribed to sintering 
phenomenon and growth of catalyst particles at higher calcination temperature [296]. 
Similarly, decline in surface area could also be attributed to sintering of zirconia 
associated with the mobility of Zr ions on the surface of the support at elevated 
temperature [297] . Sintering of catalyst particles at elevated temperature was also 





Table 4.20: Textural properties ofCZC catalysts calcined at different temperature 
Sample Ads. gas BET surface Total pore Average pore 
(cm3 g· 1) area (m2/g) volume (cm3/g) diameter (nm) 
CZC350 225 109 0.29 10.7 
CZC450 293 155 0.39 I 0.1 
CZC500 250 118 0.33 11.2 
CZC550 250 114 0.32 1 1.2 
4.4. 1.5 Surface area and dispersion o(copper 
Investigations ofCu surt:1cc area, variation ofCu size as well as dispersion of active 
sites are crucial as they have a pivotal role in the performance of catalysts for structure 
sensitive reactions like CO, reduction to methanol. Tabulated values of Cu surface area 
(Sn,), Cu dispersion (De,), Cu particle size (de,) and fraction of surface Cu (Rc,) arc 
documented in Table 4.21. 
Table 4.21: N20 chemisorption data 
Catalyst Scu (m2/g) Dcu(%) dcu (nm) Rcu 
CZC350 8.6 23 4 0.52 
CZC450 8.0 22 5 0.34 
CZC500 4.2 14 8 0.23 
CZC550 36 18 10 0.21 
Although magnitudes of Sc,, De,, and Rcu were less affected by increasing 
calcination temperature !rom 350 to 450 "C, however values of all three parameters 
were significantly dropped with further rise. Generally, homogenous distribution of 
copper on catalyst support resulted in higher surface area of copper. In current study. 
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Scu was witnessed to #decrease~ by raising q,egi>£ (>{'calcination temperature. This 
indicates that homogeneity of Cu is adversely affected by increase in calcination 
temperature. This may also be attributed to growth of Cu particles at elevated 
temperature. Contrary, size of Cu was twofold increased when calcination temperature 
was raised from 350 to 550 "C. This is mainly due to agglomeration of Cu at higher 
degree of (em perature as shown by TEM images. This trend is also in agreement with 
the previous reported data [298-300]. Nevertheless, dispersion of Cu was adversely 
effected by intensification of calcination temperature. This could be due to sintering of 
Cu particles at elevated temperature. As shown in Table 4.21, distribution of Cu has 
been affected by variation in calcination temperature. Reo was progressively decreased 
with increasing calcination temperature and lowest Reo value was recorded for catalysts 
calcined at maximum calcination temperature. This implies that Cu is partially 
embedded in the Zr02 phase and the process accelerates with further rise in calcination 
temperature. Moreover, it could be further inferred that intensification of calcination 
temperature and subsequent Cu embedding provide less exposed Cu surface and more 
Cu-Zr02 interfacial surface area. Furthennore, due to large interfacial surface area this 
feature also reveals better Cu-Zr02 interactions as a function of increasing calcination 
temperature. 
1\.i--
JHthe end of this discussion, an interesting correlation was developed by these three 
parameters in a sense that larger de, exhibited lower Scu which resulted in reduction of 
Dcu. 
4.4.1.6 Reducibility a/catalysts 
In order to get insight into metal support interaction, TPR profiles of all studied 
catalysts is presented in Figure 4.36. TPR bands are deconvoluted into three reduction 
peaks, denoted as peak (a), peak CPl and peak (y). Reduction peak (a) around 260 °C is 
ascribed to highly dispersed copper [301]. Peak (p) is assigned to reduction of bulk -
~\)( 
like CuO while peak (y) shows gasification of carbon nanofibers .\n'high!fftemperature 
range [ 170, 302, 303]. In fact by close inspection, the reduction peaks of both dispersed 
and clustered copper were observed at relatively higher temperature as compared to 
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those observed for traditional catalyst supports like alumina and ztrcoma. This is 
because of the elcctronegativity gradient (Xcu- xs) between copper and corresponding 
catalyst support Table 4.22. 
Table 4.22: Electronegativity Gradient of Common catalyst supports with copper 
Element Electroncgativity (X) xcu- xs 
AI 1.61 0.29 
Zr !.33 1.57 
c 2.55 -0.65 
Cu 1.90 
In case of alumina and zirconia. copper accepts electrons hom the support whereas 
in case of CNFs electrons are donated hy copper, thus making the reduction of CuO 
\ · dif1icult in this case [304]. In turn. this also suggests strong interaction of copper and 
carbon nanofibers as compared to other traditional catalyst support. Shifting of 
reduction peak to higher temperature can also he attributed to interaction of copper and 
zirconia at the surface of CNFs. Because of high work function of Zr0 2 than Cu. 
interaction between the two creates electron deficiency in Cu. Hence reduction of 
copper is observed at highertemperature [65]. Likewise, total hydrogen uptake, extent 
or deb>Tee of reduction (H,/Cu). position ofTPR peak, number of dispersed and bulk 
phase Cu and their relative abundance arc documented in Table 4.23. Total hydrogen 
uptake was observed in order of CZC350> CZC450> CZC500> CZC550, which 
indicates that H2 uptake is suppressed by increase in degree of calcmatwn temperature. 
v 
Moreover,-R:eduction peak of copper was shifted to higher temperature with increasing 
the qcgr_yo-- t'lf' calcination temperature. This is because of the catalyst particle size 
variation associated with the calcination temperature. Copper with small size is easily 
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Figure 4.36: TPR Profile of(a) CZC350, (b) CZC450, (c) CZC500 and (d) CZC550 
catalysts 
Moreover. position of peak (p) was shifted to higher temperature range with 
increasing the degree of calcination temperature. Similar trend was also observed for 
peak (a), although the position trend is not distinct as observed for peak (a) Table 4.23. 
The trend can be attributed to growth of particles with degree of calcination 
temperature. This also suggests greater interaction between Cu and catalyst support. 
Moreover, fraction of reduction peak (a) was observed to be intensified when 
calcination temperature was raised from 350- 450 °C, but subsequently reduced with 
further increase in calcination temperature. Almost similar tendency was recorded for 




Table 4.23: TPR results of calcined samples 
Total Red. H2 consumed A 1u1i (A 1u1 + A 
Sample H2 H2/ temperature (!!moles/g) 1~1) " (%) 
consumed Cu ("C) 
(!!moles/g) Peak Peak Peak Peak 
a ~ a ~ 
CZC350 2225 0.94 269 423 1312 912 59 
CZC450 2172 0.92 266 383 1542 692 71 
CZC500 1772 0.75 276 362 1007 765 57 
CZC550 1212 0.51 245 327 643 568 53 
•k ' Fractton ot dtspersed copper 
/ u/ 
• .S~Inighly dispersed copper is the main active part in Cu-based catalysi'\;'1ence. 
relative abundance of highly dispersed and bulk phase copper was studied and reported 
in Table 4.23. Calcination temperature affected the distribution of different copper 
phases on the surface of catalysts. Relative abundance of dispersed copper was 
incremented by increasing the calcination temperature trom 350 to 450 "C. However. 
further rise in calcination temperature shifted the equation in tavor of hulk phase 
copper. This could also be due to agglomeration and growth of Cu at elevated 
temperature. 
4.4.1. 7 Metal-metal interaction and surface analvsis 
The chemical states of catalyst components were evaluated by XPS (Figure 4.37). 
XPS spectra of calcined catalysts exhibited peaks for Cu 2pJ2 at 934 eV and 942 eV as 
parent and satellite peak. respectively [224]. Similarly, XPS peaks appeared at 954 eV 
and, 962 eV for Cu 2p 1 2 core electrons and satellite excitations. The emergence of the 
satellite structure is due to the charge transfer transitions trom the ligands (02- ions in 
case ofCuO) into the untilled (d9 ) valence orbital ofCu2+ ion. This transition of ligands 
151 
electrons is not possible in case ofCu+ or Cu0 species due to the completely filled (d10) 
shells. Hence, the satellite structure is a characteristic peak of Cu2+ ion. In the current 
study, the appearance of satellite peaks with concomitant parent peak confirms Cu2+ as 
a predominant Cu oxidation state in all studied catalysts: irrespective of the magnitude 
of calcination temperature. Furthermore, occurrence of Cu 2pN at 934 eV with 
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Figure 4.37: XPS Cu2p profile of (a) CZC350, (b) CZC450, (c) CZC500 
and (d) CZC550 catalysts 
Similarly, a spin-orbit doublet was observed for Zr 3dscz and 3d312 core levels 
centered at 182.2 eV and 184.6 eV, respectively(Figure 4.38). The appearance of two 
different binding energy peaks with energy gap of 2.4 eV suggests two different kinds 
of zirconium ions. The higher binding energy peaks ( 184.6 eV) represent z~+ species 
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Figure 438: XPS Zr 3d spectra of (a) CZC350, (b) CZC450, (c) CZC500 
and (d) CZC550 catalysts 
The binding energies ofCu 2po2 and Zr 3ds2, their FWHM values and Cu/Zr ratio 
has heen documented in Table 4.24. 
Table 4.24: XPS data ofCZC catalysts calcined at ditTercnt temperature 
Sample Binding energy FWHM (eV) Atomic 
(eV) ratio 
Cu 2p3!2 Zr 3ds;z Cu 2p3/2 Zr 3ds!2 Cu/Zr 
CZC350 934.14 182.4 3 4.37 4.69 0.79 
--
CZC450 934.24 182.22 4.55 4.74 1.10 
czcsoo 934.45 182.28 4.15 4.61 1.05 
CZC550 934.12 182.21 4.36 4.73 0.71 
153 
The tabulated data shows a slight shift of Cu 2p3:2 towards higher binding energies 
with increasing calcination temperature, suggesting a decline in Cu dispersion. 
According to the XPS results, Cu dispersion is adversely affected by calcination 
temperature until 500 °C. However, it is increased with further intensification. This is 
7~ in accordance to the N20 chemisorption results. In contrast, no significant 
variation was observed in binding energies of Zr 3ds:2. The FWHM value of Cu 2p3;2 
was increased for CZC450 as compared to CZC350 catalyst suggesting the distortion 
in coordination_symmetry of Cuh to highly distorted octahedral symmetry by making 
addition&! Cu2+ -Cu2· bond with neighbor o2· ions. Unlike Cu 2pl!z, FWHM values of 
Zr 3ds:2 remained also invariant for all catalysts. So in this case no particular 
information regarding nature and bonding of zirconium ion could be obtained. 
Furthermore, distribution of surface Cu was also influenced by variation in calcination 
temperature. Cu/Zr was increased for CZC450 as compared to CZC350 catalyst. 
Nevertheless, the ratio was adversely affected by further rise in calcination temperature 
indicating depletion of surface Cu and subsequent enrichment of surface Zr content. 
Agglomeration of Cu as function of increasing calcination temperature as indicated by 
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Figure 4.39 Peak fitting curves of Cu2pn peak of (a) CZC350, (b) CZC450, 
(c) CZC500, (d) CZC550 catalysts 
In order to identify the ditferent Cu speci' t~d Cu Zp1 2 peak was resolved in two 
different peaks. as shown in Figure 4.39. Cupricton can easily be identified on the basis 
of coupling phenomenon between unpaired electrons observed in Cu2 while this is 
lacking in case of metallic and cuprous ion. However. it is quite difficult to differentiate 
between Cu0 and Cu 1' because their binding energies and full width at half maximum 
(FWHM) values are so close that they overlap each other Cu Zp3.2 peak observed at 
932 7 eV was attributed to Cu' ion while the one observed at 933.7 eV was assigned to 
Cu2 ion. Furthermore, the existence of two different CuO species is also consistent 
with the H2-TPR findings, where CuO with two different kinds of reducibility were also 
recognized 
' (. c 
>1 A':>/ \\ (.' ' 
~ 1 
4.4.1.8 Bas/city Jmd acidic sites ojCZC catalysts 
\. 
The C02-TPD profiles of the catalysts are shown in Figure 4.40. The desorption 
quantities with relative desorption peaks are listed in Table 4.25. The study disclosed 
significant quantities of basic sites on the surface of all catalysts. Indeed, Lewis basic 
sites associated with the surface of zirconia are responsible for adsorbing C02 (5, 25, 
306, 307] The appearance of desorption peaks are due to the decomposition of 
carbonate species (307] Each catalyst exhibited four desorption peaks in the 
temperature range of 300-690 oc. Desorption peaks below 450 "C were attributed to 
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Figure 440 C02-TPD of(a) CZC350, (b) CZC450, (c) CZC500 
and (d) CZC550 catalysts 
a) 
Comparative study of C02-TPD spectra at different calcination temperatures 
revealed some interesting results. By increasing calcination temperature, the strongly 
bound C02 peaks were shifted to slightly higher temperature, indicating strength of the 
C02 bindings as a function of calcination temperature. On the other hand, no established 












monoclinic zirconia is described to display C02 desorption peak at higher temperature 
as compared to tetragonal polymorph. The stronger binding of C02 molecules to m-
Zr02 have been elucidated by different factors like higher concentration Qf OH groups 
and carbonate ions on the surface of monoclinic zirconia, relative to tetragonal form 
[307, 308]. Based on these observations, in our case shifting of strong basic sites peak 
to higher temperature may also be due to transformation of tetragonal zirconia to 
monoclinic polymorph. Furthermore, the magnitude of total uptake of C02 was 
inversely affected by rise in calcination temperature (Table 4.25). Total quantity of C02 
dcsorbed for catalyst processed at highest calcination temperature of the current study 
was declined to almost 2/3 of the catalyst calcined at lowest temperature. The drop of 
C02 uptake could be attributed to the growth of zirconia, associated with rise of 
calcination temperature. This also indicates that smaller size zirconia holds relatively 
higher concentration of basic sites. Similar observations of reduction in C02 adsorption 
as a function of calcination temperature were also reported by Li ct a!. [309]. 
Number and nature of acidic sites were investigated by TPD-NH3. NH 3-desorption 
profile of CZC catalysts calcined at different temperature is shown in Appendix C 
(Figure C3). The values of total number and density of acidic sites are documented in 
Table 4.25. Desorption signals lower than 200 "C represent weak acidic sites, 
desorption between 200-400 "C is due to the presence of acidic sites with medium 
strength while ammonia desorption at more than 400 "C is attributed to strong acidic 
sites [21]. In the current study, the acidic sites were found over temperature range of 
250-700 "C which implies that strength of acidic sites was distributed from medium to 
strong with no weak acidic site. Although by a closer look at TPD profile ofCZC550 a 
small deflection of desorption can be visualized. However, in some cases NH 3 
desorption tfom weak acidic sites is reported to be the result of hydrogen bonded NH/ 
rather than desorption of ammonia from the surtacc of acidic sites of catalyst. 
Furthermore, acidic sites with moderate strength have been declared as an adequate 
parameter for evaluation of acidities of the catalysts [31 0, 311 J. 
!57 
Table 4.25: Acidic and basic properties of calcined samples 
Catalyst Number of Density of total Number oftotal Density of 
total basic sites basic sites acidic sites total acidic 
(mmol/g.cat) (mmol/m2) (mmol/g.cat) sites 
(mmol/m2) 
CZC350 9.40 0.08 0.85 0.007 
CZC450 7.13 0.04 0.72 0.004 
CZC500 8.71 0.07 0.92 0.007 
CZC550 6.02 0.05 0.53 0.004 
Quantities of acidic sites recorded in this study are very close to the recently 
published work of Ning et al. where NH3-desorption was ascribed to the presence of 
both Lewis and Bronsted acids sites on surface of zirconia [311]. Increase of calcination 
temperature affected the acidic profiles of the catalysts. Generally the acidity of catalyst 
like basicity was reduced by increasing the calcination temperature. Nevertheless, 
concentration of acidi'\ sites was increased with increasing calcination temperature 
from 450 °C to 500 r~~d ~declined on further rise in calcination temperature. The 
tendency of monoclimc zirconia (m-Zr02) to have more acidic sites than tetragonal 
counterpart (t-Zr02) has consistently been reported in the literature [312, 313]. Based 
on these observations, the discrepancy could be due to transformation of zirconia from 
t-Zr02 form to m-Zr02 polymorph. The transformation of zirconia was also supported 
by observing the same trend in basicity profile of CZC catalyst calcined at same 
temperature. The reduction of acidic sites on further increase of calcination temperature 
could be attributed to the growth of zirconia, as indicated by TEM measurement. 
However, owing to the different quantities oftotal acidic sites and surface area, no clear 
trend was observed in density of total acidic sites of all studied catalysts. 
In conclusion, the overall results indicate that rise in calcination temperature less ... 







altered significantly. Moreover, reduction in basicity also indicate lowering of electron-
donating potential of electron-rich Zr4', as higher basicity leads to boost the electron-
donating properties of cation [308. 309, 314]. 
4.4.2 Effect of calcination temperature on catalytic performance of catalysts 
CNFs based Cu/Zr02 catalysts calcined at different temperature were tested for 
methanol synthesis as well as conversion of C02 and reaction data of all studied 
catalysts arc listed in Table 4.26. 
Table 4.26: Activity data of CZC catalysts calcined at different temperature 
~ 
~ 
Catalyst M~th. activity C02 conversion Meth. selectivity TOFMcOfl X 10·3 
(~/k~.cat.h) (%) • (%) (s-1) 
CZC350 27 15 71 1.12 
CZC450 34 14 88 1.52 
CZC500 24 10 64 2.04 
CZC550 17 4 61 1.69 
Methanol synthesis rate was improved by raising calcination temperature from 350 
! r ~'-" t-J v 
to 450 "C. However. it was dep1csscd with further intensification in calcination 
temperature. Likewise, TOF value of methanol was progressively increased with . 
increasing calcination temperature up to 500 "C and :v?l's dropped with maximum a<Jgree 
?,J calcination temperature in th~ study. Methanol selectivity was significantly 
increased when calcination temperature was increased from 350 to 450 "C. 
Nevertheless, methanol selectivity was adversely affected with further intensification 
of calcination temperature. Similarly. C02 hydrogenation was adversely affected by 
the increasing calcination temperature. The activity pattern ofthe catalysts calcined at 
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different temperature could be justified by the physiochemical investigations, discussed 
in the earlier sections. 
A comparative study of the activity data of this novel catalyst with the reported 
literature revealed that the current CZC catalysts showed higher activity for methanol 
yield and COz conversion as compared to that recorded by Sloczynski et al. over 
Ag/ZnO/Zr02 and Au/ZnO/ZrOz catalysts [278]. Similarly, the results obtained in this 
study were very much comparable in terms of methanol yield and COz conversion to 
the work of Liu et al., where they carried out COz hydrogenation over Cu/Gaz0J/Zr02 
catalysts [93]. Likewise, magnitude of comparable activity data were reported for 
carbon nanotube-supported Pd/ZnO catalysts [87]. 
There has been a general consensus about the involvement of two active sites 
namely copper (Cu) and zirconia (ZrOz) for COz hydrogenation to methanol over 
Cu/ZrOz catalysts [5, 25, 315]. More active form of copper is characterized to be the 
one with higher degree of dispersion and easily reducible form of copper. To 
demonstrate the relationship between catalyst activity and fraction of dispersed Cu, a 
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As depicted in the Figure, rate of methanol formation progressively increased with 
increasing fraction of dispersed Cu. Obviously, more dispersed Cu will provide more 
number of active sites to the reacting molecules. Consequently, higher degree of 
dis~rsed Cu will lead to higher activity towards methanol formation. The second active 
site/¢ ZrOc has been reported in two ditTerent polymorphic forms namely tetragonal 
a~onoclinic form. Rhodes et al. conducted a comparative study between tetra~al 
and monoclinic polymorphs of ZrOc for methanol synthesis and concluded tha~,latter 
polymorph of ZrOc is 20 times more active than the former one (85]. In this work, 
activity of catalysts was also affected by phase of zirconia. Rate of methanol formation 
was enhanced from 27 to 34 (gikg.cat.h) when calcination temperature was raised from 
350 to 450 "C. This could be due to polymorphic transformation of tetragonal Zr02 to 
monoclinicZr02.as suggested by acidity and basicity studies of catalysts Nevertheless, 
the trend of catalyst activity with variation in calcjnation temper1ture was not persisted 
(..""{_( ( v e. , ... ,Jcc:~ 
any longer and rate of methanol formation was depressed on further increase in 
calcination temperature. This could be attributed to the growth and sintering of both Cu 
and ZrOc active sites. as indicated by TEM observations. 
Crystallite size of Cu is also an important parameter for C02 hydrogenation over 
Cu based catalysts. To elaborate the influence of Cu crystallite size on the rate of 
methanol formation and C02 conversion, a graph is plotted and is shown in Figure 4.42. 
As it is evident from the graph that rate of methanol formation gradually reduced with 
increasing crystallite size ofCu with exception ofCZC450 catalyst. On the other hand, 
C02 conversion decreases linearly with growth of Cu crystallite. A similar trend of 
lower activity with increasing Cu crystallite size was reported by Natesakhawat et al. 
and Behrens et al. [123, 316]. This is quite understandable as crystals with large size 
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Figure 4.42: Relationship between size ofCu and activity of catalysts 
Moreover, smaller Cu panicles tend to increase the interfacial area with the neighbor 
metal oxide [316]. By this mechanism small sized Cu particles promote a synergic 
effect, leading to increase in the overall performance of the catalyst. The variation of 
catalysts activities with respect to changes in Cu crystallite size also indicates that COz 
hydrogenation to methanol is a structure-sensitive reaction. 
Based on the reported mechanistic studies, surface area of metallic copper (Sc,) is 
considered as an important parameter in C02 hydrogenation to methanol. Methanol 
yield has been reported to increase linearly with increasing Scu [20, 280, 317]. However, 
in the work of Sun et al., although methanol yield was increased with the increase of 
Scu but the relationship was not linear [245]. Nevertheless, the conflicting results of 
catalysts activity with respect to Scu has also been reported [89, 282]. Despite all these 
discrepancies, there is a general consensus that higher value of Scu is favorable for 
overall activity of C02 hydrogenation. In the recent study, although the trend of 
methanol formation was not completely aligned with variation of Sc, as highest 
methanol formation 34 (glkg.cat.h) was recorded for Sc, = 8.0 as compared to 27 
(g/kg.cat.h) for Scu = 8.6, as depicted by Figure 4.43. On the other hand, a linear 
relationship was observed between Sc, and C02 conversion. The decline in methanol 








Sn, clearly indicates decrease in methanol selectivity. CO formation by reverse water j 
gas shift reaction could be the alternative pathway for C02 conversion. ,,,.J' J' · 
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Figure 4.43; Relationship between surface area of Cu and activity of catalysts 
To further elaborate the relationship between catalysts activity and Scu, turnover 
frequency for methanol production was calculated and is displayed in Table 4.26. 
According to Boudart's theory, a straight line between TOF and Sr·,, should be obtained 
if the catalyst activity is only dependent on Sen[ 102, 318] However, in the current study 
there is a general trend of decreasing TOF as the Sc, is increased. This further indicates 
that catalyst activity is not only related to S, ·,but other factors like fraction of dispersed 
Cu in this case, can play a decisive role in determining the activity profile of catalyst 
Recently, similar observations were also documented by A~ri et at. and Sun et at. 
' [89, 245]. Nevertheless, the overall activity of the catalfst,i.e; C02 conversion was 
found to be directly proportional toSr·,. The same trend of~2 conversion with respect 
to Scu was observed in the recent work of Guo et aL [232]. The increase in C02 
conversion with increasing Scu can be described as follows. Increase in Scu produce 
more atomic hydrogen on the surface of Cu and will be supplied to Zr02 sites by 
spillover effect Subsequently with higher concentration of atomic hydrogen, more 
molecules of C02 will be utilized for C02 hydrogenation [232) 
16~ 
v 
4.5 Effect of niobium as promoter 
Effects of niobium as a promoter on the physicochemical properties and activity 
pattern of parent catalyst were investigated. The results are briefly discussed as in the 
following. 
4.5.1 Effect of Nb20s content on physiochemical properties 
The influence ofNbzOs content on physicochemical profiles of parent catalysts is 
discussed below. 
./. 5.1.1 X-rcy diffraction studies 
Phase analysis of catalyst components were investigated via XRD technique. XRD 
profile of Nb promoted CZC catalysts is shown in Figure. 4.44. For comparison 
purpose, an XRD spectrum of CNFs-0 and unloaded CZC catalyst were also included. 
Hexagonal graphitic planes of CNFs were identified by two prominent peaks at 28 
values of26° and 44° (JCPDS No. 41-1487). Similarly, diffraction pattern with peaks 
at 32.6°, 35.5°, 38.T, 48 8°, 53.6°, 58.3°, 61.67°, 66.4°, 68.1°, 72.3°, and 75 1° on 28 
scale was found to be indexed as monoclinic-phased tenorite CuO with JCPDS card 
files No. 48-1548 (a= 4.62 A, b = 3.43 A, and c = 5.06 A) A small diffraction peak 
around 31 o was found in XRD profile, indicating zirconia component of the catalyst. 
However, it disappeared with the incorporation of NbzOs content. This indicated 
transformation of zirconia to the amorphous phase with the promotion of Nb20 5 
loading. Similarly, highly dispersed or very fine crystalline ZrOz (crystallite size< 2 
nm) could also be the possible reasons. However, peak corresponding to NbzOs or any 
Cu-Nb composite was not observed in the XRD spectrum, indicating that Nb20s existed 
in amorphous or microcrystalline state, which could not be detected via XRD technique 
due to low degree of crystallization. An interesting observation was found in the XRD 
studies whereby the intensification ofCuO peaks is dependent on addition ofNbzOs up 






Nb20s loading reflects the growth in crystal size. However, CuO peak intensity was 
decreased with further rise in NbzOs concentration. 
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Figure 4.44 XRD profile of (a) CNFs-0, (b) CZC, (c) CZC-Nb0.4, (d) CZC-NbO 8 
and (e) CZC-Nb 1.2 catalysts 
-1.5.1.2 Morpholoxy mvesllf'alions 
TEM images of NbzOs promoted CZC catalysts are presented in Figure 4.45. 
Copper and zirconia particles were identified as mentioned in the previous sections. 
Particles of copper and zirconia are clearly seen in the TEM images However, Nb20s 
particles could not be identified because of their low concentrations. The results 
demonstrated a homogenous deposition of catalysts particles with low concentrations 
of NbzOs. Nevertheless, agglomerations of Cu particles were observed when Nb20s 






Figure 4.45: TEM images of(a) CZC-Nb0.4, (b) CZC-Nb0.8 









Table 4.27: Average particle size of catalyst components 
Catalysts Copper average particle size Zirconia average particle size I 
(nm) (nm) 
CZC-Nb0.4 4 6 
CZC-Nb0.8 5 8 
CZC-Nbl.2 7 9 
Besides. the average particle size of both metal oxides was slightly increased with 
the increase of Nb20s content (Table 4.27). This could be due to the agglomeration of 
metal oxides due to higher interaction as a function of increasing Nb20s content. 
4. 5.1.3 BloT surface area and pore si::e distribution 
Nitrogen adsorption-desorption isothem1s of CZC and Nb20s,_.Promoted CZC 
; 
catalysts are shown in Figure 4.46. Each catalyst exhibited a typical type- IV isotherm 
\ f' lr_.· with H4 type hysteresis loops having sharp inflection betwee'n pip" ranges of0.90-0.94, \ .. 
indicating mesop9rus nature of the synthesized catalysts. The textural properties of 
'-.. 
CZC catalysts are provided in Table 4.28. BET surface area decreased remarkably trom 
155 to I 08 m'!g with the incorporation of 0.4 wt.%, of Nb20s to the CZC catalyst. 
Although, the surface area reduced with further increase of Nb20s but the change was 
not very prominent. The decline of surface area with Nb20s introduction is supported 
by a drastic decrease in magnitude oftotal adsorbed gas from 290 to 220 cm3/g for CZC 
and CZC -Nb0.8 catalysts, respectively. Similarly. pore volume decreased from 0.39 to 
0.29 cm3/g with the introduction of 0.8 wt.% of Nb20s to CZC catalysts. Like BET 
surface area. magnitude of pore volume remained almost constant with further addition 
ofNb20s. The decline in BET surface area and pore volume could be due to pore-tilling 
by the introduction of Nb205. In contrast. the pore diameter of the catalyst increased 
with addition of 0.4 wt.% Nb20s to the CZC catalyst. However, it remained invariant 
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Figure 4.46: N2 adsorption desorption isotherms of(a) CZC, (b) CZC-Nb0.4, 
(c) CZC-Nb0.8 and (d) CZC-Nb1.2 catalysts 
Table 4.28: Textural properties of CZC and Nb promoted CZC catalysts 
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Figure 4.47: Pore size distribution of(a) CZC, (b) CZC-Nb0.4. (c) CZC-Nb(L8 
and (d) CZC-NbL2 catalysts 
2.'1! 
Pore size distribution of CZC and Nb promoted CZC catalysts arc shown in Figure 
4.47. A wide range of pore size distribution staring from 2 to 180 nm was observed. 
However, majority of the pores were found in the range of 2-15 nm. As evident from 
the figure, pore size distribution was not affected by introduction of Nb20s to the parent 
catalyst. 
4.5.1.4 Surface area and dispersion a/copper 
The surface area of metallic copper (So,). Cu dispersion (De,), average particle size 
(de,), and relative distribution of metallic copper (Re,) were measured via N20 
chemisorption. are presented in Table 4.29. As evident from the tabulated data, 
introduction of Nb20s content to the parent catalyst had a marked influence on the 
surface properties of Cu. The surface area of metallic copper increased progressively 
with the incorporation of Nh20s content in the parent catalyst and a maximum Sc, of 
15.9 m2/g was obtained f(Jr CZC-Nb 0.8 catalyst. However. the s,, decreased with 
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further rise in concentration ofNb20s content beyond 0.8 wt.%. Unlike Scu, dispersion 
of Cu (Dcu) was adversely affected by incorporation of Nb20s to the parent CZC 
catalyst. Besides, the Dcu increased from 15.8 to 17.2 % with the addition of Nb20s of 
0.4 to 0.8 wt.%. However, it remained almost invariant with further addition ofNb20s. 
On the other hand, the copper particle size was not much affected by variation ofNb20s 
content. Distribution of surface copper (Rcu) increased to a maximum with the 
incorporation of 0.8 wt.% ofNb20s. 
Table 4.29: NzO chemisorption data ofNb promoted CZC catalysts 
Sample Scu (m2/g) Dcu (%) dcu (nm) Rcu 
czc 8.0 22 5 0.34 
CZC-Nb0.4 14.4 15.8 6.5 0.88 
CZC-Nb0.8 15.9 17.2 6.0 1.00 
CZC-Nbl.2 15.4 16.50 6.3 0.97 
4.5.1.5 Reducibility studies 
To obtain greater insight in the reduction behavior, reducibility of catalysts was 
studied via TPR technique. TPR profile of CZC and Nb-loaded CZC catalysts are 
presented in Figure 4.48, while the quantitative evaluation of TPR analysis is 
documented in Table 4.30. Two distinct TPR peaks were observed in unprompted CZC 
catalyst with reduction maxima at 260 and 340 °C and denoted as peak a and peak ~. 
respectively. TPR peak a is recognized as reduction peak due to highly dispersed copper 
while TPR peak~ is ascribed to bulk-like CuO [301]. Similarly, according to Lopez-
Suarez ct a!., peak a is assigned to easily reduced form of Cu 2+ and peak p correspond 
to less-reducible CuO [270]. However in concomitant to these two traditional peak, a 
new broad reduction peak (Peaky) starting at 350 °C with a tail at 490 "C was observed 
in Nb promoted catalysts. Rom a et a!. investigated TPR profile of Cui NbzOs catalysts 
and observed a broad peak for CuO reduction around 450 °C [319]. Based on this 












Nb20s composites. Likewise the occurrence of more than two reduction peaks have 
also been reported in the literature [320]. Nevertheless, an additional reduction peak 
was observed at 375 "C for CZC catalysts with maximum Nb20s concentration. TPR 
peak at the same magnitude of temperature was also recorded by Courtois et a!. and 
attributed to reduction of bulk CuO [321]. Reduction of Nb20s is generally reported in 
the temperature range of800-900 "C in the literature [322-324]. Thcrcf(Jre in the current 
study, all the reduction peaks attribute to the CuO reduction. This can be further 
justified by the fact that magnitude of Cu/H2 < I was recorded t(Jr each niobium 
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Figure 4.48: TPR profile of(a) CZC, (b) CZC-Nb0.4. (c) CZC-Nb0.8 
and (d) CZC-Nbl.2 catalysts 
'l \ 
However, Incorporation ofNb20s resulted some interesting changes in TPR profile 
of CZC catalysts. Position ofTPR peak a was shifted from 260 to 230 "C while a lower 
temperature shift of almost I 0 "C was observed in TPR peak ~- The shift of peak u to 
lower temperature with Nb•Os loading suggested that the incorporation of Nb20; 
facilitated the reduction ofCu2 • in agreement with previous works [325-327]. On the 
other hand. a new peaky was observed to be centered at 445 cc when CZC catalysts 
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were doped with Nb20s. This transformation of reduction peak was due to formation of 
a new phase as a result of strong interaction between Cu and dopant Nb20s, as reported 
in the literature [328-330]. A reduction peak at the same degree of temperature was also 
reported by Guarido et al. in Cu/ Nb20s catalyst [331]. Subsequently, incorporation of 
Nb20s in CZC catalysts facilitated the reduction of dispersed Cu at one end, but 
depressed the reducibility of bulk Cu on the other end. 
Table 4.30: TPR data of CZC catalysts with different Nb20s content 





a p y a p y 
czc 2172 0.92 266 340 - 1482 690 -
CZC-Nb0.4 2210 0.94 226 330 437 288 521 1401 
CZC-Nb0.8 2239 0.95 235 342 444 291 401 1547 
CZC-Nbl.2 2268 0.96 235 355 446 301 517 1450 
4.5.1.6 Metal-metal interaction and surface analysis 
Figure 4.49 shows the Cu 2p XPS spectra for Nb20s promoted CZC catalysts. Each 
catalyst demonstrated Cu 2p3!2 core electrons peak at 934.4 eV associated with a broad 
satellite peak around 943 eV. Similarly, core electrons peak for Cu 2p112 was observed 
at 954 eV accompanied with a shake-up peak around 962 eV. The occurrence of satellite 
peaks in concomitant to the parental peaks confirmed Cu2- as the predominant oxidation 
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Figure 4.49: XPS ofCu 2p of(a) CZC-Nb0.4, (b) CZC-Nb0.8 
and (c) CZC-Nb 1.2 catalysts 
The binding energies of Cu 2pJ.2 and Zr 3ds.'2 core electrons and their full width at 
half maximum (FWHM) values, along with Cu/Zr atomic ratio, are documented in 
Table 4.31. As evident from the tabulated data. binding energies ofCu 2pJ 2 had slightly 
shifted from 934.10 to 934.24 eV by increasing Nb20s concentration from 0.4 to 0.8 
wt.%, respectively. However, no substantial variation was observed with further rise in 
Nb20s content. Similarly. the position of Zr 3ds 2 on binding energy scale remained 
almost invariant tor ditrerent Nb20s concentrations. Nevertheless, the magnitude ofCu 
2p1.2 FWHM slightly increased from 3.92 to 4.11 eV by increasing Nb20s concentration 
from 0.4 to 0.8 wt.%. This indicated the fonnation of two additional weak Cu2'-Cu2-
bonding with neigh?oring 0 2 · ions, leading to distortion of Cu2+ ion coordination 
' . 
symmetry towards a highly distorted octahedral symmetry l97 j. On the other hand, 
FWHM value of Zr 3d5 2 was not affected by Nb20s concentration. As a result, no 
particular intonnation on bonding and nature of Zr4 · ions had been obtained. 
Furthermore, relative atomic ratio of Cu/Zr slightly increased with the increase of 
Nb20 5 content from 0.4 to 0.8 wt.'Yo, suggesting enrichment of surface copper. 
However, further addition ofNb20 5 to the parent catalyst declined the Cu/Zr ratio. This 
173 
demonstrated the depletion of surface Cu and subsequent enrichment of surface Zr 
content. Agglomeration of Cu could be one of the reasons for surface Cu depletion. 
Table 4.31: XPS data of CZC catalysts with different Nb20s content 
Sample Binding energy (eV) FWHM(eV) Atomic 
Cu 2p3!2 Zr 3ds!2 Cu 2p3!2 Zr Jds12 Cu/Zr 
ratio 
CZC-Nb0.4 934.10 182.16 3.92 4.57 0.56 
CZC-Nb0.8 934.24 182.22 4.11 4.47 0.68 
CZC-Nbl.2 934.28 182.18 4.08 4.45 0.52 
Likewise, XPS profile of Zr 3d of CZC catalysts with different Nb20s content is 
depicted in Fi1,>ure 4.50. Zirconium ions were identified by two XPS peaks as Zr 3ds:2 
and Zr 3dv2 with binding energies of 182.2 and 184.6 eV, respectively. The presence 
of two different XPS peaks with 2.4 eV energy gap indicated the existence of two 
different types of zirconium ions. Lower binding energy peaks at 182.2 eV ratified the 
existence of Zr4+ as Zr02, whereas higher binding energy peaks at 184.6 eV represented 
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Figure 4.50 XPS Zr 3d spectra of(a) CZC-Nb0.4, (b) CZC-Nb0.8 
and (c) CZC -Nb 1.2 catalysts 
Meanwhile, Cu 2p12 peak of each catalyst was resolved tn different peaks to 
identify the different Cu species and are displayed in Figure 4.51. Cupric ion can easily 
be recognized due to its characteristic coupling phenomenon between unpaired 
electrons. However, magnitudes of binding energies of Cu 'and Cu · were so close that 
they overlapped each other, hence, these two Cu species could not be differentiated. In 
the current study, higher energy Cu 2pn peak observed at 933.7 eV was attributed to 
Cu2· ion, while a low energy peak centered at 932.7 eV was assigned to Cu ion The 
appearance of two different CuO species in XPS analysis strongly supported the H2-
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Figure 4.51: XPS Cu 2p peak fitting curves of (a) CZC-Nb0.4, (b) CZC-Nb0.8 















XPS profile ofNb 3d core electrons ofNb20; promoted CZC catalysts is displayed 
in Figure 4.52. Two major peaks were observed for Nb 3d region, Nb 3d5 2 peak 
centered at 207 eV and Nb 3dl2 peak originated at 210 eV. In order to identify the 
different forms of niobium oxide, Nb 3d region was deconvoluted in six ditferent peaks 
Generally, metallic niobium is characterized by its XPS peak at 202 eV, which was not 
found in the current case, indicating the absence of Nb metal. However, XPS analysis 
revealed the existence of Nb in different oxygenated forms The two main XPS peaks 
at 207.1 and 209.7 eV were Nb5 (2) peak, which were characteristic peaks for Nb20s 
[227, 228]. Another major contribution of niobium oxide form was recognized by 
Nb 5 ( 1) peak with binding energies of 206.5, 209.16, and 210.09 eV, indicating NbO, 
octahedra. Besides, the existence of these two oxides, XPS peak for Nb04 was 
manifested by a small shoulder at 208.1 eV. [332]. The contribution of each oxide to 
the total niobium oxide was calculated and documented in Table 4.32. Incorporation of 
Nb20s content affected the contribution of each oxide. Relative percentage of NbzOs 
was increased, whereas contribution of NbOo declined with increasing NbzOs content 
from 0.4 to 0.8 wt%. In contrast, the opposite trend was followed when NbzO; content 
was further incremented from 0.8 to 1.2 wt.%. However, the contribution of NbO< 
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Figure 4.52 XPS Nb 3d peak fitting curves of (a) CZC-Nb0.4, (b) CZC-Nb0.8 





Table 4.32: Contribution of each oxide to total niobium oxide 
iA(%) 
Catalyst 
Nb20s Nb06 Nb04 
CZC-Nb0.4 68 28 4 
CZC-Nb0.8 74 23 3 
CZC-Nbl.2 71 26 0 -' .. 
tA (%)represents the ratiO of A1/LA1 (AI 1s the area ot each peak). 
4.5.1. 7 Basicity studies 
Figure 4.54 shows C02 TPD profile of NboOs promoted CZC catalysts. Basic sites 
were found in temperature range of 250-650 oc_ The basic sites were classified as 
medium basic SiteS (belOW 450 °C) and Strong basic SiteS (above 450 °C). 
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Figure 4.53: COo-TPD profik of(a) CZC-Nb0.4. (h) C7C-Nb0.8 
and (c) CZC-Nb 1.2 catalysts 
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Irrespective of the NbzOs concentrations, basic sites were predominantly found in 
the higher temperature region. This implied that the strength of basic sites was 
unaffected by variation in Nb20s content. 
The total number of basic sites, their densities, and relative distribution are 
documented in Table 4.33. The total number of basic sites remained almost constant 
throughout the range ofNb20s concentration. Likewise, the densities of total basic sites 
were also found to be invariant with the variation ofNb20s concentrations. Meanwhile, 
the magnitude of medium basic sites slightly increased when Nb20s concentration 
increased from 0.4 to 0.8 wt. %. However, the magnitude of medium basic sites declined 
with further addition of NbzOs content. Besides, the highest amount of medium basic 
sites could be one the reasons for higher activity of CZC-Nb0.8 catalyst in the current 
case. 
Table 4.33: C02 TPD data ofNb promoted CZC catalysts 
Total basic Density of Medium basic Strong basic 
Catalyst sites total basic sites (~tmol/g.cat) sites 
(flmol/g.cat) sites (flmol!g.cat) 
(flmol!m2) 
CZC-Nb0.4 333 1.51 33 300 
CZC-Nb0.8 331 1.60 39 2'12 
CZC-Nbl.2 334 1.57 34 300 
4.5.2 Effect of NbzOs content on activity of catalysts 
Table 4.34 shows the variation of catalysts performance as a function of NbzOs 
promotion. The rate of methanol synthesis increased from 32 to 37 (glkg.cat.h) with the 
incorporation ofNb20 5 to the CZC parent catalyst. Although further addition ofNb20s 
improved the activity of the catalyst, but the improvement did not have much 
significance. Nevertheless, the rate of methanol synthesis was depressed with further 
incorporation of Nb20 5 content. The increment in methanol synthesis rate by Nb20s 









the increase in methanol synthesis rate could be also justified by improvement in 
methanol selectivity as a function of Nb20s introduction to the parent catalyst. On the 
other hand. C02 conversion was adversely affected by Nb20s addition. Apart trom 
methanp11e~ane, hexane and carbon monoxide were also found as by-products in the 
GC chr~~togram of the reaction mixture. On the other hand, C02 conversion was 
adversely effected by Nb20s promotion to the parent catalyst. 
c-
ln terms of methanol synthesis, a comparative study of the activity data ofthis novel 
catalyst with the reported literature revealed that the current Nb20s promoted CZC 
catalysts showed higher activity tor methanol yield and C02 conversion as compared 
to that recorded by Sloczynski et a!. over Ag/ZnO/Zr02 and Au/ZnO/Zr02 catalysts 
[278]. Similarly, the results obtained in this study were very much comparable in terms 
of methanol yield and C02 conversion to the work of Liu eta!.. for C02 hydrogenation 
over Cu/Ga20J/Zr02 catalysts [93]. Similarly. a comparable activity data for methanol 
synthesis were reported by Liang eta!. for carbon nanotube-supported Pd/ZnO catalysts 
l87]. Nevertheless, at relatively low reaction conditions the activity of the current 
catalyst system was slightly lower as compared to that reported by Baltes et a!. for 
methanol synthesis over CuO/ZnO/ Ab01 catalysts [280]. 
Incorporation of Nb20s led to a decline the C02 conversion from 14 to l 0 %. 
However. C02 conversion remained almost constant with further increase in Nb20s 
content. Interestingly, it could be inferred from the activity pattern of Nb20s loaded 
with CZC catalysts that Nb20s promotion had a supporting ctfect on methanol 
selectivity. Similar observations were also reported by Passos et a!., where ~ia 0 
containing catalysts showed higher selectivity for n-heptane conversion to olefins 
[ 114]. Similarly, the turnover frequency (TOF) of methanol synthesis reduced 
significantly from 1.42 to 0.92 s 1 with the incorporation of0.4 wt.% ofNb20s. 
IS I 
Tab~4.34: Activity data of CZC and Nb promoted CZC catalysts 
' 
Catalyst /Meth. activity COz conversion Methanol selectivity TOFMeOH (s.1) 
\ (glkg.cat.h) (%) (%) 
czc 32 14 75 1.42 
CZC- 37 10 89 0.92 
Nb0.4 
CZC- 40 9 87 0.89 
Nb0.8 
CZC- 38 8 88 0.88 
Nb1.2 
The higher activity of Nb20s promoted catalysts that could be explained by 
significant increase in the copper surface area of the parent catalyst. As evident from 
Figure 4.54, the introduction of Nb20s remarkably increased the Scu of the parent 
catalyst and the rate of methanol synthesis improved significantly as well. The trend 
continued with further Nb20s addition and optimum values of both Scu and methanol 
synthesis rate were recorded for CZC catalyst withO.~wt.% of Nb20 5 content. 
,{,( ( r o:~l<"l 
However, the methanol S)'!lthesis rate ~~with maximum concentration of 
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Nb oxide Gtle to de¢line in magnitude of Scu. The tailoring role of Sc, in the activity 
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Figure 4.54: Correlation of Sc, and methanol synthesis rate as a consequent of 
Nb addition 
Hence. in order to investigate the role of Sc, in C02 hydrogenation to methanol, a 


















Figure 4 5' Correlation of S "and methanol TOF 
I X.1 
As evident from the Figure 4.55, TOF decreased with the increase of copper surface 
area. Generally activity of the copper based catalysts increases linearly with increasing 
Scu. However conflicting results have also been reported 
in the literature [281, 282]. The results obtained in the current study reveal that Scu is 
not the only factor to regulate the catalysts activity. Apart from Scu different factors 
affecting the catalytic activity have been proposed by different researchers. The higher 
selectivity of the NbzOs promoted catalyst could be due to the role of Nb20s to hold 
more metallic Cu in promoted CZC catalyst. This can also be justified by increasing 
Scu with the introduction of NbzOs to the parent CZC catalyst. Similar observations 
were reported by Yoshihara and Cambell for methanol synthesis over Cu/ZnO catalysts 
[95]. 
Furthermore, in order to study structure sensitivity behavior of the title reaction, a 
graph was plotted between copper particles size (dcu) and TOF of methanol formation. 
As indicated in Figure 4.56, a sharp decline was observed in magnitude of TOF with 
increasing dcu from 5 to 6 nm. Nevertheless, it remained almost constant with further 
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4.6 Effect of ZoO promoter 
Effects of ZnO promoter on the physicochemical properties and activity pattern of 
parent catalyst were investigated. The results are briefly discussed as in the following. 
4.6.1 Effect of ZoO content on physiochemical properties 
The influence of ZnO on physicochemical profiles of parent catalysts are discussed 
below. 
-1. fl. I. I (Juantljicatwn of catalvvt components 
!CP-OES was employed to quantify Cu and ZnO contents and the data are presented 
in Table 4 35. Magnitudes of both bulk Cu, as well as ZnO measured by ICP, were in 
very close agreement to the targeted values. This suggested that almost all ZnO were 
successfully deposited on the catalyst support. This in turn also identified the efficiency 
of DP method for preparing catalysts with higher loadings of active metals 
Table 4.35 ICP results ofCZC catalysts with different ZnO content 
Sample Target Cu Cu (%)by Target ZoO ZoO(%) by 
(%) ICP (%) ICP 
CZCZI 15 14.3 I 0.8 
CZCZ2 IS 14.8 2 1.7 
CZCZ3 IS 14.9 3 3 I 
CZCZ4 15 14.6 4 3.7 
-------- - ----·- . 
-1. 61.2 X-rav ditfi'action studies 
Phase analysis of catalyst components were investigated by using XRD technique 
XRD protile of ZnO promoted CZC catalysts is shown in Figure 4.57. For comparison 
purpose, an XRD spectra of hare CNFs and unloaded CZC catalyst were also included. 
JX5 
Hexagonal graphitic planes of CNFs were identified as discussed in the previous 
sections. Similarly, monoclinic-phased tenorite CuO was indexed with JCPDS card 
files No. 48-1548 (a= 4.62 A, b = 3.43 A, and c = 5.06 A) No diffraction peak was 
observed for Zn containing compound for ZnO promoted CZC catalysts with ZnO 
content < 3 wt. %. The absence of diffraction peak of Zn species indicated their 
amorphous phase at a lower concentration. Similarly, higher dispersion and smaller 
crystallite size could also be the factors for absence ofXRD diffraction. Nevertheless, 
a sharp diffraction peak at scattering angles 29 = 36.5° accompanied by small reflection 
at 32° and 34.5° indicated (101), (100), and (002) crystal planes of ZnO crystal [333]. 
A small diffraction peak for ZrOz around 28 = 31 o found in CZC catalysts disappeared 
with the introduction of ZnO content. The disappearance of Zr02 peak with ZnO 
addition indicated transformation of zirconia to the amorphous form. However, Zr02 
diffraction peak re-appeared when ZnO content exceeded 2 wt.%, suggesting lower 
dispersion of zirconia with higher ZnO loadings. Another interesting observation in 
XRD studies of ZnO loaded catalysts was the intensification of CuO peaks with 
increasing ZnO content. This suggested that the degree of CuO crystallization increased 
with the increase of ZnO loadings. 
:::i 
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Figure 4.57 XRD profile of(a) CNFs-0, (b) CZC, (c) CZCZ1, (d) CZCZ2, 








4. 6.1.3 7EM morphologv 
TEM was utilized to study the morphology of the catalyst. TEM images of the 
studied catalysts with magnification of200 K are presented in Figure 4.58. TEM studies 
revealed well-distributed particles for CZCZ I and CZCZ2 with average particle size of 
3 and 4 nm, respectively. This well-dispersed morphology was observed with further 
ZnO addition. However, agglomeration, as well as growth of catalysts particles, was 
observed when ZnO content was increased beyond 3 wt.%. Consequently, particle size 
of both metal oxides increased with increasing ZnO content. Furthennore, 
agglomeration of catalyst particles was observed in the TEM images of the respective 
catalysts. 
IX7 
Figure 4.58: TEM images of(a) CZCZI, (b) CZCZ2, (c) CZCZ3 
and (d) CZCZ4 catalysts 
4.6.1.4 Textural properties 
Nitrogen adsorption-desorption isotherms of ZnO promoted CZC catalysts are 
shown in Figure 4.59, while pore size distribution is displayed in Appendix C 





loops having sharp inflection between p/po ranges of 0.90-0.94. This unveiled the 
l 
' 
mesoporous nature of catalyst support. 
Textural properties ofZnO promoted CZC catalysts arc documented in Table 4.36. 
The surface area of ZnO promoted catalysts remained almost consistent by increasing 
ZnO loading up to 3 wt. %. However, it was derresscd by further ZnO addition. This 
-~~--/"---.............__ 
had been postulated due to the blockage of pores, as indicated by the decline of pore 
volume. Similar observations were also observed by Young and Jong [334]. In contrast, 
the average pore diameter increased from 12.5 to 13.5 nm when ZnO content was 
doubled from 1 to 2 wt.%, respectively. However, it remained almost constant with 
further addition of ZnO content. 
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Figure 4.59: N: adsorption desorption isothenns of (a) CZCZ 1, (b) CZCZ2. 
(c) CZCZ3 and (d) CZCZ4 catalysts 
I S'! 
Table 4.36: Surface properties of CZC catalysts 
Sample BET surface area Total pore volume Average pore diameter 
(m2/g) (cm3/g) (nm) 
CZCZl 124 0.28 12.5 
CZCZ2 124 0.29 13.5 
CZCZ3 122 0.30 13.5 
CZCZ4 91 0.27 13.6 
4.6.1.5 Sur/ace area and dispersion o{copper 
The surface area (Scu), dispersion (Dcu), average particle size (dcu), and relative 
distribution (Rcu) of metallic copper were measured via N20 chemisorption. The N20 
chemisorption data are presented in Table 4.37. As evident !Tom the tabulated data, 
surface properties of metallic Cu were significantly affected by variation of ZnO 
content to the parent CZC catalysts. Copper surface area initially decreased !Tom 8.25 
to 7.79 m2/g with incorporation of ZnO concentration in the parent catalyst from I to 2 
wt.%. The highest Scu was recorded when ZnO content was increased to 3 wt.%. 
However, Cu surface area was depressed on further addition of ZnO to the parent CZC 
catalyst. The maximum Scu for CZCZ3 could be one of the reasons of its highest activity 
to methanol synthesis. In contrast, the magnitude of Cu dispersion first was increased, 
and then, decreased with increasing ZnO content from 1-2 and 2-3 wt.%, respectively. 
/ 
However, it w<)S significantly declined for CZC catalyst with J(ximum concentration 
of ZnO. Agglomeration of catalyst particles could be onec.the reasons for lower 








Table 4.3 7: N20 chemisorption data of ZnO promoted CZC catalysts 
Catalyst Scu (m2/g) NzO Dcu (%) NzO dc,(nm) NzO Rcu NzO 
CZCZJ 8.25 11.65 8.92 0.44 
CZCZ2 7.59 12.29 8.44 0.41 
CZCZ3 8.58 10.84 9.63 0.47 
CZCZ4 4.95 6.02 17.21 0.36 
Contrary to Scu and De ... no substantial variation in dcu was observed with ZnO 
incorporation up to 3 wt.%. Nevertheless, it remarkably increased with further addition 
of ZnO content. Furthermore, the growth in de, and the concomitant decline in Sc, and 
De, tix catalyst with ZnO content beyond 3 wt.% had been clear manifestation of Cu 
agglomeration with higher ZnO loadings. Similarly, the distribution of metallic Cu was 
affected by variation of ZnO content in the parent catalyst. Contribution of surface 
metallic copper (Rc,) decreased from 0.44 to 0.41 with the increment of ZnO loading 
from l-2 wt.%. Nevertheless. it slightly increased with further addition of ZnO. 
Gsnerally, the Rc, was not much effected with the initial variations of ZnO content,. 
·however, it remarkably declined in CZC catalyst with maximum ZnO loadings. The 
decrease in surface Cu was a consequent of the increasing ZnO content;which impli)d . 
fcv ~- '( c~ "(_ c \ 
that Cu was partially embedded in the ZnO phase and the process lingered until the 
"'-'..::...l't<.-7'------
lowest Rcu value was recorded for catalysts with maximum LnO loadings. More 
importantly. the increase of ZnO concentration and subsequent Cu embedding otTered 
less exposure to Cu surtace and more Cu-Zn interfacial surtace area. The correlation 
between Scu. De,, and de, with varying ZnO content had been quite straight forward 
and has been discussed in the previous sections. 
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In summarizing the chemisorption results, one can observe that the properties of 
metallic Cu were not much affected by ZnO loadings up to 3 wt. %. However, these 
were severely suffered when ZnO concentration exceeded that level. The lower a.;tivity 
of CZCZ4 catalysts could be understood based on the findings of chemisorption. 
4.6.1.6 Reducibility studies 
TPR profile of CZC catalysts and ZnO promoted CZC catalysts are displayed in 
Figure 4.60. Likewise, total Hz-uptake, extent of reduction (H2/Cu), position and 
distribution of reduction peaks, and relative abundance of dispersed copper are listed in 
Table 4.38. Two major reduction peaks were observed at 258 and 337 °C, which were 
designated by peaks a and p, respectively. The presence of two reduction peaks had 
been consistently reported in copper based catalysts and attributed to the stepwise 
reduction of Cu (Cu2+->Cu+->Cu) [268]. Similarly, the reduction peak at lower 
temperature was ascribed to dispersed copper, whereas bulk phase copper was 
recognized by a reduction peak at a higher temperature. Besides, the incorporation of 
ZnO to the parent CZC catalyst shifted the positions of both reduction peaks to lower 
temperature. This indicated that the reduction of CuO was facilitated with the 
introduction ofZnO pro~oter.ln contrast, reduction peaks were back shifted to slightly 
higher temperature when ZnO content exceeded I wt. %. Since the surface energy of Zn 
is lower than copper, the shifting ofCu reduction to higher temperature could be due to 
surface segregation ofzn-2, which made Cu difficult to be reduced. Such observations 
were also v#ecently reported by Ying-ming and Li for ZnO promoted Cu-Al catalyst 
[335]. Furthermore, no TPR peak was observed for ZnO reduction as ZnO is not 
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Figure 4.60: TPR profiles of (a) CZC, (b) CZCZl. (c) CZCZ2, (d) CZCZ3 
and (e) CZCZ4 
ln addition, the magnitude oftotal H2-uptake consistently declined with the increase 
of ZnO content in parent catalyst. This could be due to the embedding of Cu in ZnO 
matrix with the increasing ZnO concentration. Moreover, H2/Cu ratio was calculated to 
analyze the extent of copper reduction as a function of increasing ZnO content. 
Nevertheless, the ratio decreased from 0. 90 to 0. 77, suggesting the lesser availability of 
copper reduction. This decline was continued with further addition of promoter and a 
minimum value was recorded for catalyst with 3 wt.% of ZnO. This progressive 
decrease in H2/Cu ratio further verified the embedding of copper in ZnO matrix. 
Furthermore, agglomeration of copper with increasing ZnO content had been another 
vital factor tor the decline of H2/Cu ratio. ln this regard, TPR investigations supported 
the XRD findings where copper agglomeration was identified with increasing ZnO 
concentration. In addition, the magnitude of H2/Cu ratio was recorded above 0.50 
throughout the range ofZnO concentration. From these observations. another important 
conclusion that could be drawn is the predominant Cu2 ' oxidation states of copper in 
all studied catalysts irrespective of ZnO addition. Distribution of copper was 
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significantly influenced by the variation of ZnO concentration. Peak a was the main 
reduction peak with 68 % contribution to the total reduced copper in parent CZC 
catalyst. Although Peak a w;t still remained the major reduction peak with H2 
consumption of 1842 J.lmoles/g, but its contribution decreased to 58 %, when ZnO was 
further promoted to the parent catalyst. On the other hand, the magnitude of P~~k a 
declined, while peak ~ subsequently increased when ZnO concentration reached 
2 wt.%. Consequently. the contribution of peak a was reduced to 45 %. This trend was 
continued with further rise in ZnO loadings until minimum contribution of Peak a was 
recorded with highest ZnO content. 
Table 4.38: TPR data of ZCC and ZnO promoted CZC catalysts 






Peak Peak Peak Peak 
a II a II 
czc 2145 0.90 258 337 1455 689 68 
CZCZ1 1841 0.77 248 300 1071 770 58 
CZCZ2 1786 0.75 252 275 802 984 45 
CZCZ3 1566 0.66 250 255 671 895 43 
CZCZ4 1771 0.74 255 289 580 1191 33 
'Fractwn of dispersed copper 
.( .. . ,
4.6.1. 7 Metal-metal inteartion and surface analysis 
Figure 4.61 displays Cu 2p photoelectron spectra of calcined CZC catalysts with 
different ZnO content. Two peaks of parent electrons, each one at 934.4 eV representing 
Cu 2p312 and another parental peak centered in binding energy scale of954 e Vindicating 
Cu 2p 112 peak, were observed. Both peaks were accompanied with a broad satellite peak 





to shake-up transitions by ligand-to-metal 3d charge transfer These transitions are only 
allowed in Cu2 due to 3d9 configuration of Cu2 ion. Cu cannot undergo such 
transitions due to 3d10 confi!,'1!ration. Hence, the emergence of shake-up with the 
corresponding parental XPS peak was the characterization of Cu 2 ions. In the current 
case, Cu2 was the major oxidation state of copper in all studied catalysts. Furthermore, 
the position ofCu 2pJ 2 was observed at relatively higher magnitude of binding energies 
as compared to the bulk copper (933 eV for bulk copper). This suggested that copper 
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Figure 4. 61 Cu2p photoelectron spectra of (a) CZCZ I, (b) CZCZ2, (c) CZCZ3 
and (d) CZCZ4 catalysts 
Besides, in order to investigate the oxidation chemistrv of copper, Cu 2pJ 2 peak 
was resolved in difTerent peaks Peak fitting curve of Cu 2pi 2 is presented in Figure 
4 62 Coupling between unpaired electrons is a characteristic phenomenon of cupric 
IOn. Due to this feature, it can easily be differentiated from other copper oxides. 
However, binding energies of Cu and Cu + ions were so close that they could not be 
identified on this basis. In the current study, three XPS peaks were observed in 
deconvulated spectra for each catalyst. Cu 2pJ;z peaks at higher binding energy region 
(935.1 and 933.7 eV) were ascribed to Cu2 ' ions. Similarly, Cu+ species were identified 
by a small peak at 932.7 eV. The XPS investigations strongly supported the Hz-TPR 
findings by exhibiting two different forms of copper oxides. 
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Figure 4.62 XPS Cu2pJ;z fittings curves of (a) CZCZl, (b) CZCZ2, (c) CZCZ3 












Meanwhile, Figure 4.63 shows Zn 2p XPS profile of ZnO promoted CZC catalysts. 
The presence of zinc oxide was confirmed in XPS investigations Two major peaks 
were recorded with binding energy of I 023 and l 046 eY. representing Zn 2p32 and 
Zn 2p 1 2 , respectively (226]. The intensity of Zn 2p, 2 gradually increased by increasing 
ZnO concentration, indicating the enrichment of surface ZnO. 
tal 
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Figure 4.63 XPS Zn2p of(a) CZCZ 1. (h) CZCZ2. (c) CZCZ3 
and (d) CZCZ4 catalysts 
Furthermore, photoelectron spectra of Zn 2p, 2 were resolved to investigate the 
different kinds of Zn oxidized states. The deconvoluted spectra ofZn 2p, 2 are displayed 
in Figure 4.64 XPS peak at I 021.4 eY exhibited metallic zinc, whereas peaks at l 022.4 
and 1023 eY were ascribed to Zn2 in the form ofZnO (339. 340]. The distribution of 
metallic Zn was affected by variation of ZnO in parent catalyst. Besides, the 
contribution of surface Zn was improved when ZnO content was doubled. However, 
further addition of ZnO reduced the surface of Zn metal until no surface zinc was 
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Figure 4.64: Zn2p312fitting curves of(a) CZCZI, (b) CZCZ2, (c) CZCZ3 
and (d) CZCZ4 catalysts 
The binding energies of Cu 2p3i2 and Zn 2p3!2 core electrons and their full width at half 
maximum (FWHM) values are summarized in Table 4.39. As evident from the 
tabulated data, the increase in ZnO content from I to 2 wt.% shifted the Cu 2p3'2 peak 
from 935.82 to 934.50 eV. This shift to lower binding energies had been a consequent 








and ZnO. However. this interaction was diminished when ZnO addition reached 
3 wt. %. This was demonstrated by back shitling ofCu 2pn to higher binding energies. 
In contrast. Cu 2pn peak shifted to lower binding energies for catalyst with maximum 
ZnO concentration that manifested higher interaction between the two metals. The 
mutual interaction of Cu and Zn as a function of ZnO content was further supported by 
the similar trend of Zn 2p, 2 shitling with the increase in ZnO concentration. 
Table 4.39: XPS data ofCZC catalysts with different ZnO content 
Sample Binding energy ( c V) FWHM (eV) 
Cu 2p3!2 Zn 2p3!2 Cu 2p3!2 Zn 2p3!2 
CZCZl 935.82 1023.72 4.29 3.0 
CZCZ2 934.50 I 022.42 4.17 2.95 
CZCZ3 936.18 1023.91 4.66 4.11 
CZCZ4 934.50 1022.0 4.39 3. I 7 
FWHM values of Cu 2p, 2 peak were also altered by variation on ZnO 
concentration. The magnitude ofFWHM was reduced from 4.29 to 4.17 eV when ZnO 
content was doubled from its initial I wt.% content. Further increment of ZnO 
concentration in parent catalyst shitlcd the FWHM values to higher binding energies. 
This implied that ZnO addition beyond 2 wt.'Yo caused distortion in coordination 
symmetry of Cu2+ ion towards a highly distorted octahedral symmetry. A similar trend 
was also recorded for FWHM values of Zn 2pn with increasing ZnO content. 
4. o.l. /i Basicitv studies 
C02 TPD was carried out to investigate the magnitude and the strength of basic 
sites. C02 TPD profiles of unpromotcd CZC and ZnO promoted CZC catalysts arc 
depicted in figure 4.65. Basic sites were iclentiticcl in two different regions. Basic sites 
below 450 °C were classified as lower and medium basic sites and were denoted hy u 
\99 
region, whereas basic sites above 450 °C were recognized as strong basic sites and had 
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Figure 4.65: C02 TPD profile of(a) CZC, (b) CZCZI, (c) CZCZ2, (d) CZCZ3 
and (e) CZCZ4 
A broad desorption peak originating around 200 °C with a shoulder at 300 °C was 
observed for CZC catalysts without ZnO content. This indicated the presence of weak 
and medium basic sites. Strong basic sites were characterized by another broad 
desorption peak with desorption maxima around 600 °C. Distribution of basic sites 
strength was significantly affected by the introduction of ZnO to the parent catalyst. 
Besides, the positions of desorption peaks in u region were shifted to higher 
temperature. However, the positions of desorption peaks in l3 region were invariant. 
This suggested that basic sites with weak and moderate strength were remarkably 
affected by the incorporation of ZnO in the parent catalyst. 
The total number of basic sites and their densities are documented in Table 4.40. 
Similar to the distribution of strength, the number of total basic sites and their relative 







Table 4.40: TPD C02 data of CZC and ZnO promoted CZC catalysts 
Catalyst Number of total basic Density of total basic 
sites (mmol/g.cat) sites (mmol/m2) 
czc 15.8 0.12 
CZCZI 12.1 0.09 
CZCZ2 11.8 0.09 
CZCZ3 11.4 0. 09 
CZCZ4 8.8 0.13 
Zinc oxide is amphoteric in nature, and in the current study. the acidic profile of 
ZnO was more pronounced. The total number of basic sites was reduced from 15.81 to 
12.1 mmol/g.cat when ZnO was incorporated in parent CZC catalyst. This portrayed 
~-&~ the acidic character of ZnO in the current c~talysts. This was further verified by a 
progressive decline in the total number of basic sites as a function of increased ZnO 
content. Similarly, magnitudes of basic sites densities were reduced with the 
incorporation ofZnO content to the parent catalyst. However, the values were recorded 
as invariant throughout the ZnO addition range before it was increased for CZC catalyst 
with highest ZnO loadings. This trend could be justified by the almost constant BET 
surface area values of the first three ZnO promoted catalysts. 
4.6.2 Effect of ZnO content on catalytic performance of catalysts 
The ZnO promotion affected the methanol synthesis rate, as well as C02 
conversion. The reactivity data of the studied catalysts is documented in Table 4.41. 
The rate of methanol synthesis slightly improved from 32 to 35 g/kg.cat.h when ZnO 
was incorporated in parent CZC catalysts. The trend of better activity of ZnO loaded 
CZC catalysts towards methanol synthesis rate was persisted with further rise in ZnO 
concentration. The optimum amount of ZnO addition to methanol synthesis rate was 
found to be 3 wt.% bct(Jrc it showed a decline in activity with the maximum ZnO 
201 
content. The enhanced activity of ZnO loaded CZC catalysts could be due to a 
synergism between Cu and ZnO. As a result of this synergetic effect, the electronic 
interaction between Cu and Zn(l-o)+ created active sites like Cu-0-Zn [ 121]. 
Table 4.41: Activity data of CZC and ZnO promoted CZC catalysts 
,....._ 
Catalyst M~ctivity COz conversion Met;lectivity TOFMeoHX 10·3 
( g.cat.h) (%) Yo) (s-•) 
czc 32 14 78 1.41 
CZCZl 35 12 80 1.51 
CZCZ2 41 10 82 1.92 
CZCZ3 45 9 92 1.87 
CZCZ4 40 8 83 2.87 
Likewise, the better activity of ZnO promoted catalysts could be explained by the 
fact that it facilitated the adsorption of Hz species by acting as the binding site for atomic 
hydrogen. Furthermore, ZnO had been believed to be involved actively in methanol 
~ /· l.t...v-0' synthesis by creating _Zn-methoxy oxide. Methoxy oxide is one of the stable reaction 
{:roW" I_ intermediates, which is converted to methanol with further hydrogenation. Similarly, 
\\!\vii~> methanol selectivity was progressively enhanced throughout the range of ZnO content. 
f Q S In contrast, C02 conversion progressively declined with increasing ZnO content and 
u-Y>-
, least conversion was recorded with the highest ZnO loadings. In conclusion, the 
increase in methanol synthesis rate and concomitant decline in C02 conversion as a 
function of increasing ZnO content indicated that the addition of ZnO improved the 
selectivity of methanol synthesis. Besides, the turnover frequency of methanol was 
increased by a factor of 1.07 with the incorporation of ZnO to the parent CZC catalyst. 
This indicated that ZnO promoter created sites of superior activity, and hence, the 
activity profile of catalyst was enhanced. Nevertheless, the turnover frequency of 
methanol progressively increased by increasing ZnO content. A slight decline in TOF 






highest value of TOF was recorded for CZC catalysts with maximum concentration of 
ZnO. A detailed comparative study of the current catalyst for COc hydrogenation to 
methanol with the literature is displayed in Table 4.42. 
Activity data of this novel catalyst with the reported literature revealed that the 
current ZnO promoted CZC catalysts showed higher activity for methanol yield and 
C02 conversion as compared to that recorded by Sloczynski et al. over Ag/ZnO/Zr02 
and Au/ZnO/Zr02 catalysts [278]. Similarly, the results obtained in this study were very 
much comparable in terms of methanol yield and C02 conversion to the work of Liu et 
al , for C02 hydrogenation over Cu/Ga20,/Zr02 catalysts [93] Similarly, a comparable 
activity data for methanol synthesis were reported by Liang et al. for carbon nanotube-
supported Pd/ZnO catalysts [87] Nevertheless, at relatively low reaction conditions the 
activity of the current catalyst system was slightly lower as compared to that reported 
by Baltes et al for methanol synthesis over CuO/ZnO/ AbO, catalysts [280]. 
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Figure 4.66: correlation of Zn content, Cu surface area and methanol yield 
The correlation of ZnO concentration, variation in Cu surface area, and methanol 
activity are depicted in Figure 4.66. Copper surface area slightly increased with the 
incorporation ofZnO to the parent catalysts. Consequently, the methanol synthesis rate 
was also enhanced. Optimum amount of Scu was recorded for CZC catalyst with 
3 wt.% of ZnO content Similarly, the highest activity was observed for the same 
catalyst The decline of methanol activity with maximum ZnO content could be 









Table 4.42: Comparative study of the current catalyst tix C02 hydrogenation to 
methanol with the literature data 
Catalyst Reaction Me t!4'1-"'-" COz conversion Ref. 
conditions activity (%) 
(g/kg.h) 
CZCZ3 (180°C & 30 bar) 45 9 This work 
Pd/ZnO/CNTs (250°C & 30 bar) 37 6.3 [87] 
Pd/ZnO/Ah01 (250°C & 30 bar) 24 4.4 [87] 
Pd/ZnO/AC (250°C & 30 bar) 28 4.9 [87] 
Ag/Zr02 (230°C & 80 bar) 27 - [84] 
Cu/8201/ZrOo (250°C & 20 bar) 57 16 [93] 
Cu/Ga201/Zr02 (250°C & 20 bar) 62 13.7 [93] 
Cu/ZnO/Zr02 (220°C & 80 bar) 40 2 [278] 
Au/ZnO/Zr02 (220°(' & 80 bar) 19 2 [278] 
AgiZnO/Zr02 ( nooc & 80 bar) 15 2 [278] 
Cu/Zr02 (200°C & 9 bar) 23 1.7 [91] 
Cu/Zr02/ZnO (200°C & 9 bar) 48 5.8 [91] 
Cu/Zn/Si02 (270°C & 20 bar) 62 1.8 [92] 
Cu/Zn-Ga!Si02 (270°C & 20 bar) 70 3.4 [92] 
Cu/ZnO (l80°C & 20 bar) 38 2 [341] 
Cu/Zn0.0015 ( 180°C & 20 bar) 70 5 [341] 
chitosan 
Cu/Zn0.0030 (l80°C & 20 bar) 62 3.8 [341] 
chitosan 
Cu/Zn0.0045 (l80°C & 20 bar) 50 3.7 [341] 
chitosan 
Ag/Zn (200°C & 80 bar) 15 - [84] 
Ag/Zn/Zr (200°C & 80 bar) n - [84] 
Cu/Zr (200°C & 80 bar) 7 - [84] 
Cu!Zn!Zr (.:?00°C & 80 bar) 42 - [841 
Cu/Zr02 (22()0(" & 90 bar) 33 - [342] 
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.. 
Table 4.42 (Continue) 
Cu/Zn/Cr203 (195°C & I 0 bar) 2.1 - [I 05] 
• Cu/Zn/Ah03 (195°C & 10 bar) 4.5 - [I 05] 
Pd/Ce02 (195°C & I 0 bar) 22 - [343] 
Pd/Ti02 (195°C & 10 bar) 32 - [344] 
Pt-W/Si02 (230°C & 30 bar) 28 - [345] 
Pt-Cr/Si02 (200°C & 30 bar) 8.8 - [345] 
Ag/Zn0/Ah03 (250°C & 50 bar) 82 - [29] 
Ag/ZnO- (250°C & 50 bar) 126 - [29] 
Ga203/Ah03 
Au/ZnO (300°C & 50 bar) 51 - [346] 
Pd/Si02 (250°C & 41 bar) 10 3 [347] 
Cu/Si02 (250°C & 41 bar) 6 2.8 [347] 
Cu-Pd/Si02 (250°C & 41 bar) 35 6.6 [347] 
Cu-Pd/MCM-41 (250°C & 41 bar) 21 6.2 [347] 
Cu-Pd/SBA-15 (250°C & 41 bar) 23 6.5 [347] 
Cu-Pd/MSU-F (250°C & 41 bar) 13 5.3 [347] 
Cu-ZnO/ Ah03 (250°C & 41 bar) 55 18.2 [347] 
Cu/Zn/Ga (250°C & 30 bar) 32 3.37 [185] 
Cu(ZnGa)Mw (250°C & 30 bar) 40 5.48 [185] 
Cu Mw(ZnGa)Mw (250°C & 30 bar) 61 4.48 [185] 
Cu (250°C & 20 bar) 8 9 [348] 
Cu/ZnO (250°C & 20 bar) II 9 [348] 
Cu/Zr02 (250°C & 20 bar) 8.7 9 [348] 
Cu/ZnO/Zr02 (250°C & 20 bar) 20 II [348] 
Cu-ZnO-Zr02- (250°C & 20 bar) 31 12 [348] ... 
Mg0/Ah03 
Cu-ZnO/CeZr02 (250°C & 20 bar) 137 15 [349] 
Cu-Zn/Zr02- CB ( 180°C & 30 bar) 88 3 [186] 
Cu-Zn/Zr02- CT (180°C & 30 bar) 60 2 [186] 
Cu-Zn/Zr02- OX (180°C & 30 bar) 100 4 [ 186] 
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Table 4.42 (Continue) 
Cu/Zn,A\!Zr-F (250°C & 50 bar) 390 22 [350] 
La-Cu/ZnO (250°C & 50 bar) 50 6 [233] 
La-Y -Cu/ZnO (250°C & 50 bar) 40 5 [233] 
La-C~-Cu/Zn0 (250°C & 50 bar) 80 8 [233] 
La-Mg-Cu/ZnO (250°C & 50 bar) 90 9 [233] 
La-Zr-Cu/ZnO (250°C & 50 bar) 100 13 [233] 
Cu:ZnO (240°C & 30 bar) 240 I 1 [351] 
Cu/ZnO (250°C & 30 bar) 51 12 [352] 
Cu-Zn-Zr/ A),O, (25(JOC' & 50 bar) 140 23 [353] 
cnnlmcrcial (21 ooc & 50 bar) 32 - [354] 
Cu;ZnO,AJ,O, 
Cu!Zr(), (250°C & 30 bar) 116 1 [355] 
Cu'Ga,(), (25()0(' & 30 bar) 84 1 [355] 
Cu '( ia,C)' ZrO.' (250°C & 30 bar) 131 1 [355] 
2U7 
4.7 Kinetic study 
Kinetic study of the C02 hydrogenation to methanol was conducted in a slurry 
reactor. The reaction of C02 hydrogenation is depicted in the following. 
concentration of hydrogen was an excess and did not affect the rate of reaction. It was 
further assumed that water formation had been negligible. 
The concentration ratio M = Cc,loH 
0
, the rate reaction is 
Ceo) o 
dC dX dCCH,OH 
dt 
= - dcto, = C,.,,o _____5:._!2_ = k C - k C . dt I co, 2 W,OH ( 4.2) 
r'\ (\ .-<-. 
= kl (Ceo;&- Ceo,\&'" co,)- k,(MCco,'e)+- Cco,'(J¥co,) 
Where Ceo, o, CcH,onO, X co, e, CCJIOHe and X co, is the C02 initial concentration, 
CH10H initial concentration, CO, equilibrium concentration, CH10H equilibrium 
concentration and fraction of C02 conversion, respectively. Calculations tor C02 
concentration and C02 conversion versus reaction time at different reaction temperature 
n 
are shown in Appendix ejection C2 and Figure Cl, respectively. 
M +X,,~e 
1-Xco,e 
The equilibrium constant Kc is given as 
( 








dXco, k, (M +I) 
-- (X 1.0 ,c-X( 0 ,) 
dt M +X, 0 ,<' -
Integratin~uation 4.5 we get 
M+l 
----kt 




A plot of -In( 1-XCO,/XCO,e) versus reaction time had been plotted at different 
reaction temperatures to give a straight line (Figure 4.67). Therefore, this supported the 
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Figure 4.67: Plots of-In ( 1-XCO,! XC02e) versus reaction time at different 
temperatures 
120 
All the plots between the -In( 1-Xc<n/Xco'c·) verses time at ditferent reaction 
temperatures are linear with slope of k1 ~ .Rate constant k 1 was obtained from the M+XAe 
20'! 
slope of each curve plotted at different temperature, their magnitudes are shown in 
Table 4.43. 
Table 4.43: Rate constants at different reaction temperature 





4. 7.1 Activation energy 
The activation energy (Ea) was calculated based on the Svante Arrhenius equation, 
as represented in Eq. 4. 7. 
(4.7) 
Where kl is the rate constants, representing the number of collisions among the 
reactants that result in a reaction (effective collisions), A is the pre-exponential factor 
or simply the pre-factor, which represents the total number of collisions (leading to 
reaction or not), R is the universal gas constant, and Ea is the activation energy, which 
is necessary for a chemical reaction to occur. 
Taking integration ofEq. (4.7), we get, 
Ea 1 
lnk = lnA ---1 R ·r (4.8) 
The activation energy was calculated by plotting lnkl versus 1/T x l 03 (K. 1) at different 
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Figure 4.68: Arrhenius plot of CO, hydrogenation 
2.25 
Arrhenius plot CO, hydrogenation is displayed in Figure 4.68. Activation energy 
was calculated from the Arrhenius plot in kinetic regime of the reaction. A magnitude 
of activation energy 51 kJ/mole was obtained l(x C02 hydrogenation. Ditlerent values 
of activation energies. as reported in the literature, arc documented in Table 4.44. The 
magnitude of activation energy in the current study fell within the range of reported 






Table 4.44: Activation energy of COz hydrogenation 
Catalyst Activation energy Reference 
(kJ/mole) 
Cu/Zr02/CNFs 51 This work 
Cu/ZnO/ AhOJ 57 [356] 
C301 Cu-Based Catalyst 14 [357] 
( Cu/ZnO/ AbOJ) 
Cu/ZnO/ AbOJ 7 [358] 
4.7.2 Reaction temperature 
The rate of methanol synthesis was studied in slurry reactor at fixed pressure of30 
bar in a range of 180-240 °C. The correlation of reaction temperature and methanol 
synthesis rate is displayed by Figure 4.69. The effect of reaction temperature on the 
C02 hydrogenation can be better understood by taking into account three main reactions 
as under. 
!J.H 0 zgsK = -49.5 kj jmol (4.9) 
!J.H0 zgRI( = +41.2 kf /mol . . (4.10) 
!J.H 0 zgsK = +90.64 kj jmo[ (4.11) 
As C02 hydrogenation to methanol has cxothennic reaction ~action 4. 9), so 
thermodynamically. it is favorable at low temperature. However, due to higher stability 
of COz, some adequate energy is required to overcome the energy barrier. Moreover, 
the rate of methanol synthesis increases kinetically with the increase in reaction 
temperature. Therefore, the methanol productivity is controlled by both kinetics, as well 
as thermodynamics. A maximum methanol synthesis rate is obtained by the critical 
point, where the reaction is transformed from kinetics to thermodynamics. This critical 
point of reaction depends on a number of reaction reactivity factors like the nature of 
catalyst, the number of active sites, and the exposure of active sites to the reacting 





degrees of temperature are reported by different catalysts and operating systems. 
Similarly, reverse water gas shift reaction (RWGS) is also associated with the main 
' ' I 
C02 hydrogenation to methanol (,.r_eaction 4.1 0). As R WGS is exothcm1ic in nature. so 
' -
rise in reaction temperature facilitates this reaction. Likewise. increase in reaction 
temperature can also bring about the decomposition of methanol to CO, as evident by 
Jeaction 4.11. ln the current case. methanol synthesis rate was increased with the 
increase in reaction temperature. The optimum rate was observed at 220 °C before it 
was declined at the highest reaction temperature of 240 °C. A similar trend of reaction 
temperature and methanol synthesis rate was also recorded by Xin et al., over 
Cu/Zn/ Al/Zr tibrous catalyst [202 J. Recent investigations of methanol yield as a 
function of reaction temperature also revealed a similar dependency of methanol 
synthesis by C02 hydrogenation route [ 1 02]. The decline of methanol synthesis rate at 
the highest reaction temperature could be due to the selectivity of RWGS reactions. 
This can also be further justified by the fact that R WGS reactions has higher apparent 
activation energy as compared to the methanol fonnation [95. 359]. Therefore. the CO 
fonnation rate had been faster compared to methanol formation at higher reaction 
temperature. Likewise. the decomposition of methanol to CO at higher reaction 
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Figure 4.69: Correlation of reaction temperature and methanol synthesis rate 
4.7.3 Effect of pressure 
Methanol synthesis by C02 hydrogenation was also studied at different pressures 
like 20, 30, and 40 bar. Figure 4.70 shows the correlation of reaction pressure and 
methanol synthesis rate. As observed, the C02 hydrogenation to methanol is a molecule 
reducing reaction ~action 7.1), so, thermodynamically it is best facilitated at higher 
'f 
pressure. In the current study, a linear relationship was observed between pressure and 
methanol synthesis rate. Methanol synthesis rate increased from 45 to 57 g/kg. h when 
pressure was increased from 20 to 30 bar. A similar trend of increasing rate was 
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Figure 4.70: Correlation of reaction pressure and methanol synthesis rate 
These observations were in good agreement with the work of Arena et al.. and Xin 
et a\. [8, 202]. Thcnnodynamically. the process had been faster at higher reaction 
pressure. However. loo high pressure demands higher requirement of materials 
strength. high cost of operation. and it is associated with safety problems. 
4.7.4 Feed gas composition 
C02 hydrogenation lo methanol was also studied by varymg feed gas 
composition. Figure 4.71 displays the rate of methanol synthesis as a function of 
increasing H21C02 ratio. The rate of methanol synthesis increased from 32 to 41 
g/kg. h when the H2/CO' ratio was increased from 0.8 to 1.5. Similar trend was also 
;.. 
observed with further increase in H2/C02 ratio. This trend ts quitt(j~tablc if the 
stoichiometric chemistry of co, hydrogenation is considered. LHI' 
215 
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Figure 4. 71: Correlation of Hz/C02 ratio and methanol synthesis rate 
As evident fi"om~uation 4.1 0, the Hz/C02 ratio of unity had been favorable for +ke. 
formation of CO as the main product. However~ lfate of methanol synthesis wa~ \ 
enhanced by increasing Hz/C02 ratio. This could !e justified by-~uation 4.9, where 
higher H2/C02 ratio was desirable for better methanol yield. This could be one of the 
reasons of lower activity of catalyst to methanol synthesis with H2/C02 ratio< 3 .0. In 
addition, Shen et al., reported similar observations for methanol synthesis via C02 
hydrogenation over Cu/Zr/ AlzOJ catalyst [208]. 
4.7.5 Artificial neural networks modeling 
Artificial neural networks (ANN) model was utilized to study the kinetics of COz 
hydrogenation to methanol. Feed-forward back propagation network type of network 
was used for the data evaluation. Experimental data was evaluated by four different 
algorithms, namely trainlm, trainbr, traingda, and traingdm. The model was fed with 
three inputs (Reaction temperature, pressure, and time interval) and a single target value 
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Figure 4.72: Predicted results versus experimental data tor (a) LM, (h) SCG (c) BR 
and (d) GOA algorithm with ten neurons in the hidden layer 
As it is evident from Figure 4.72, the experimental data versus predicted data tor 
all selected algorithms showed good agreement. This indicated excellent accuracy of 
the neural network in estimating the reaction rate in methanol synthesis via C02 
hydrogenation. Recently, Amini et al., [360] investigated the effects of oxygenated 
)" 
additives in propane dehydrogenation over Pt-Sn1S:Ab03 catalyst. Hence, ANN model 
! 
was employed for the conversion of propane with 11 neuron' in the hidden layer. The 
I 












CONCLUSION AND FUTURE RECOMMENDATIONS 
5.1 Conclusion 
In this work. CNFs based Cu/Zr02 catalysts were developed for investigating C02 
hydrogenation to methanol in a three phase reactor. The study began with the activation 
of catalyst support to create new functional groups (OH. C~O etc.) on the surface of 
CNFs. The presence of functional groups on the surface of CN Fs was confirmed by 
FT-IR. XPS. TGA and BET techniques. CNFs based Cu!Zr02 catalysts were 
successfully synthesized by deposition precipitation method. The synthesized catalysts 
were characterized by various techniques. Activity studies were conducted in high 
pressure autoclave (Parr 4593 with a regulator Parr 4848) reactor. First. the composition 
ofthe catalyst was optimized in tenns ofCu concentration. In this context. CNFs based 
Cu/Zr02 catalysts with different Cu concentrations were prepared via deposition 
precipitation method. Variation in Cu content affected both physiochemical properties. 
as well as activity profiles of catalyst. remarkably. Physiochemical investigation 
suggested 15 wt.% of Cu as the optimum amount tor the studied catalysts. Reactions 
studies further validated the characteristic data by providing maximum methanol 
productivity rate for catalyst with 15 wt0 /c, content. After optimization of Cu content. 
the catalyst was loaded with different concentrations ofZr02. Thcnumberoftotal basic 
sites was increased by increasing zirconia content. Activity of catalyst was enhanced 
with the addition of Zr02 to the parent catalysts and optimum activity was recorded for 
catalysts with 15 wt.% ofZrOo content. After optimization of active sites. the optimized 
catalyst was investigated for a suitable calcination tc1npcraturc. Investigations studies 
for calcination temperature were conducted by calcining the screened catalysts in terms 
of both active components at different temperatures like 350. 450. 500. and 550 °C. 
Variation in the degree of calcination temperature affected both physiochemical 
properties, as well as activity profiles of catalyst, remarkably. Meanwhile, surface area 
and fraction of dispersed Cu were enhanced when calcination temperature was raised 
from 350 to 450 °C, which resulted in better performance of the catalyst. Nevertheless, 
growth and sintering of catalyst particles and reduction of both Scu and SsET surface 
area at elevated calcination temperature led to depress the overall activity of 
Cu.Zr02/CNFs catalyst for methanol synthesis in slurry reactor. A linear relationship 
between catalyst activity towards C02 conversion and its Scu was observed. After 
identifying the optimum calcination temperature, parent catalyst was introduced with 
different promoters in order to investigate the effect of the promoter on the catalyst for 
methanol synthesis via C02 hydrogenation. Incorporation of Nb20s promoter to the 
parent catalyst remarkably increased surface area of metallic copper. Likewise, 
introduction ofNb20s promoter to the parent catalyst enhanced the activity of catalyst 
and optimum activity was recorded with 0.8 wt.% of NbzOs oxide concentration. 
Besides, the incorporation of ZnO improved the rate of methanol synthesis and the 
maximum rate was recorded with CZC catalyst with 3 wt.% of ZnO. However, C02 
hydrogenation was adversely proportional to the addition of ZnO loadings. The most 
efficient catalyst was found with composition ofCu (15 wt.%)-Zr02 (15 wt.%)-ZnO (3 
wt.%)/CNFs having methanol synthesis rate of45 glkg.cat.h and 9% C02 conversion. 
Furthennore, kinetic studied revealed that C02 hydrogenation to methanol follows 
the pseudo first order kinetics. Similarly, C02 hydrogenation to methanol was also 
investigated in terms of reaction variables. Methanol synthesis rate was significantly 
altered with variation in reaction temperature. Methanol synthesis rate was initially 
increased with a rise in the reaction temperature and the highest rate was observed at 
220 °C before it declined with further increase in temperature. Likewise, the influence 
of reaction pressure was investigated by conducting the methanol synthesis at different 
magnitudes of total pressure. It was concluded from the pressure variation study that 
the rate of methanol synthesis progressively enhanced as a function of increasing total 
pressure. Finally, the methanol synthesis rate was also optimized in tenns of feed gas 
ratio. The study concluded that a linear relationship existed between the rate of 




5.2 Future recommendations 
' 
Based on the above conclusion. future work in this regard is recommended as 
• Bimetallic catalysts were prepared by deposition precipitation methods. 
• 
Other preparation methods could also be employed to investigate the 
dispersion and interaction of metals on the surface of CNFs 
Besides ZnO and Nb20s, the catalyst could be tested for the title reaction 
with other promoters 
• In order to understand the reaction pathway, the in-depth mechanistic study 
of the title reaction should be perf(mned 
• The title reaction could be tested in the slurry reactor by incorporating other 
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CATALYST PREPARATION CALCULATIONS 
• Preparation of 15CZC catalysts ( 15 wt.% Cu, 15 wt.% Zr02 and 70 wt.'Yo CNFs-0) 
Total amount of catalysts was 4.28 grams with 3 grams of oxidized CNFs. 
Concentration of both active components are 15 wt.% each. 
Section A 1: Calculation for Cu component, 
A f C ~t.o:.:t::.al:..:w::.:e:..:'z.gh:::t:..:o:.::f....:':::·a::.:ta:.:l.o:.Y::.:St:..:X:...w:.:...:._t
1 Yi:.::"C:..::.u mount a u =-
100 
4.28 X 15 
Amount a f Cu = ---'--
lao 
Amount of Cu = 0.64 
Then weight of the precursor Cu(N03)2.6H20 
weight of the precursor 
Molecular wt of precursort X wt of Cu 
atomic wt of Cu 
weight of the precursor 
241.6 X 0.64 
63 
weight of the precursor = 2.46 grams 
Similarly for zirconia component. 
Total amount of catalysts was 4.2R grams with 15 wt.% Zr02loading. 
249 
A f Z 0 
total weight of catalyst X wt.% Zr0 2 mount o r 2 = ------''-----'---'------" 100 
4.28 X 15 Amount of Zr02 = -=.::..::..::::. 100 
Amount of Zr02 = 0.64 
Then weight of the precursor Zirconyl nitrate hydrate (ZrO(NOJ)z.HzO) 
weight of the precursor 
Molecular wt of precursort X wt of Zr02 = 
molecular wt of Zr02 
weight of the precursor 
231.23 X 0.64 
123 
weight of the precursor = 1.20 
So 2.46 grams ofCu(NOJ)2.6HzO, 1.20 t,>Tams of(ZrO(NOJ)z.HzO) and 3 grams of 
oxidized CNFs were weighted for synthesis of CZC catalysts with 15 wt.% content of 
Cu and zirconia. 
Section A2. Metal concentration calculations 
Prior to metal concentration analysis, the instrument was calibrated with the known 
concentrations of Cu metal. The calibration curve for five different concentrations of 


















) ~ 0.116-lh- II,OilH7 
li' = H.'lS'l l 
10 :W JO 
Concentration (mg/1) 
Concentration of metal was calculated from above equation as m the following 
example. 
A 30 mg of sample (CZC15) was digested in total 50 ml of aqua ragia solution. The 
solution was cooled and diluted to total volume of 250 ml with distilled water. This 
diluted sample was used for analysis. Absorbance intensity of I .2 was measured for the 
sample. The concentration (mg/1) of Cu was calculated from equation. 
x = "-( 1_. z_+_o_._oo_o_?..:..J 
0.0642 




% Cu =(cone - x DF x c-:--:-::----.,.-------,,---,----,-
1 1000 x wt of sample (mg) 
So, in this case 
100 










Section Bl: Description and Specification of slurry reactor are as follow 
• 
• Parr (Model4593) moveable reactor 
• Total vessel capacity= I 00 mL 
Other specifications: 
Max pressure: 3000 PSI (200 bar) 
• Max temperature: 350 °C with PTFE gasket 
• Maximum torque: 16 in-lbs 
• Impeller, 4 blade: One 
• Material of vessel construction: T316 stainless steel 
• Variable speed motor, I /8 HP 
• 3000 PSI pressure gauge with rupture disc 
• For 230V AC 50Hz one phase power 
• ASME vessel safety (pressure) safety certification 
• 4848 standalone PID reactor controller with only temperature display 
Section B2: Standard operating procedure of slurry reactor 
The standard operating procedure of the slurry reactor is given as below. 
• First 25 ml of ethanol (reaction solvent) were placed in reactor vessel 
• A 0.5 g of reduced sample was suspended in reaction solvent 
• The reactor was purged with reactant gases at room temperature to remove any air or 
other gases 
• Reactor was pressurized with reactant gases (mixture of I !,/CO, gases with 3: I) to 30 
bar 
• Reaction temperature was raised to 180 "C 
• Catalytic hydrogenation of C02 to methanol was carried out for 2 hours 
• Liquid samples were collected from liquid sample valve while gases samples were 







• Liquid and gas products were analyzed by flame ionization detector (FID) and 
thcnnal conductivity detector (TCD) respectively. 
Table B I. Products and their retention time 
Serial# Compound Retention time Signal 
01 Carbon dioxide 3.428 TCD 
02 Methanol 1.511 FlO 
03 Ethanol 1.616 FlO 
04 Hydrogen 4.582 TCD 
OS Hexane 2.112 FlO 
06 Ethane 3.409 FlO 
07 Methane 5.208 TCD 
08 Carhon monoxide 5.598 TCD 
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700 250 300 2i :"iO 4 OD 
TIC. SAM-03.D'.data_ms 
4 ~'iO 5 00 5 6 00 fj 50 7 
R.Time Camp. Name First Scan Max. Scan Last Scan Peak Height 
1.43 Carbon dioxide 177 208 212 53800 
1,511 Methanol 212 220 231 5535219 
L616 Ethanol 231 236 308 2 
2.112 Hexane 308 313 395 726985 
3.409 Ethane_____ _ , 490 S13 544 60356 







Figure B3: GCMS chromatogram of reaction product 











Table C l: Standard Gibbs free energy of diflerent molecules 
Molecule Standard Gibbs free 






CO+ 2H2 ,.... CH3 0H !1H
0 
298K = -90.84kj /mol (1) 
C02 + 3H2 ,.... CH3 0H + H2 0 !1H 0 298 K = -49.Skj /mol (2) 
/',G 0 for reaction [ l] 
'Go - " co " Go Ll - L.. np product - £... nr reactants 
!1G 0 = [1(-162.3)]- [1(-137.1) + 2(0)] = -25.2kj 
Equilibrium constant. K for reaction [ 1] 
!1G 0 = -RTln(K) 
257 
(- 25200]) . 
ln(K) =- (8.314]mo7.~)(298K) = 10·17 
' K = e 10·17 = 26.14 
K>1 
!J.G 0 for reaction [2} 
!J.G 0 = [1(-162.3)]- [1(-394.4) + 3(0)] = 232.1kj 
Equilibrium constant, Kfor reaction [1} 
!J.G 0 = -RTln(K) 
(
232100]) 
1 ( ) mol n K = - (8.314]mol. K)(298K) = - 93·68 
K = e-93·68 = 2.07 X 10-41 
K<1 
Section Cl: Cu surface area (Scu) calculations by NzO titration method 
The following formula was used for Scu determination. 
Where Scu is the exposed copper surface area per gram catalyst, W is the weight of the 







(6.02 x 1023 atoms mol- 1), and 1.4 x 10 10 is the number of copper atoms per square 
meter. 
The amount of H2 adsorbed fiJr CZC catalyst was recorded as 187 rtmoles/g.cat. So 
according to stoichiometry ratio number of moles of Cu will he 187 x 2 ~ 374 
~tmoles/g.cat. Putting these values in above equation we get. 
• 
Scu(m" jg) = (0.000374 X 6.02 X lOn)/(1.4 X 1019 X 1) 
Section C2: Calculation of C02 concentration 
According to ideal gas equation 
PV~nRT 
where Pis pressure of gas in atomsphere, V is the volume in Liters. n is the number of 
moles of gas, R is gas constant (0.0821) and Tis the temperature in Kelvin 
Rearranging this equation we get 
n ~PV/RT 
Total volume of reaction vessel is l 00 ml. 25 ml of ethanol was present in the cell so 
the net volume of gase is 75 ml. Temperature and pressure of the gas were recorded as 
180 "C and 30 bar, respectively. As feed gas was used in ratio ofH2/C02 ~ 3: L therefore 
partial pressure of C02 was found to be I /4*30~ 7.5 bar, equavalent to 7.4 atom. 
Putting the val use in equation we get 
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Figure Cl: C02 conversion versus time at different reaction temperature, 
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Figure C2: TPD-NH1 profile of(a) CZC5, (b) CZCIO, (c) CZC15, (d) CZC20 and 
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Figure C4: Pore size distribution of (a) CZCZ I, (b) CZCZ2, (c) CZCZ3 and (d) 
CZCZ4 catalysts 
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